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We use currently available data of nonleptonic charmless 2-body B → MM decays (MM =
PP, PV, V V ) that are mediated by b → (d, s) QCD- and QED-penguin operators to study weak
annihilation and new-physics effects in the framework of QCD factorization. In particular we intro-
duce one weak annihilation parameter for decays related by (u↔ d) quark interchange and test this
universality assumption. Within the standard model, the data supports this assumption with the
only exceptions in the B → Kpi system, which exhibits the well-known “∆ACP puzzle”, and some
tensions in B → K∗φ. Beyond the standard model, we simultaneously determine weak-annihilation
and new-physics parameters from data, employing model-independent scenarios that address the
“∆ACP puzzle”, such as QED-penguins and b → s u¯u current-current operators. We discuss also
possibilities that allow further tests of our assumption once improved measurements from LHCb
and Belle II become available.
I. INTRODUCTION
Nonleptonic charmless 2-body decays B → MM ,
with final state mesons MM = (PP, PV, V V ), form a
large class of decays that allow to test in principle the un-
derlying tree and penguin topologies at the parton level,
as predicted by the standard model (SM). Further, the
subclass of QCD- and QED-penguin dominated decays
are sensitive to new physics (NP) beyond the SM, as any
other b→ (d, s) flavor-changing neutral-current (FCNC)
process, which makes them valuable probes of the ac-
cording short-distance couplings.
The major obstacle to constraining the short-distance
couplings with data is the evaluation of hadronic matrix
elements in 2-body B-meson decays beyond naive factor-
ization. In view of this, strategies have been developed
to construct tests of the weak phases of the Cabibbo-
Kobayashi-Maskawa (CKM) quark-mixing matrix of the
SM where the hadronic matrix elements are determined
from data, usually involving additional assumptions of
SU(2) and/or SU(3) flavor symmetries. Although this
allows to test the consistency of weak phases extracted
in tree- and loop-induced processes in the framework of
the SM, no other detailed information can be obtained on
particular short-distance couplings of the involved QCD-
and QED-penguin operators.
In this respect, systematic expansions in the heavy
bottom quark mass, mb, yield at leading order in 1/mb a
simplified representation of hadronic 2-body matrix ele-
ments in terms of rather well known heavy-to-light form
factors and distribution amplitudes (DA) of the involved
mesons. These approaches, QCD factorization (QCDF)
[1–6], soft-collinear effective theory (SCET) [7–10] or per-
turbative QCD (pQCD) [11–14], provide predictions at
leading order in 1/mb that allow in principle to test short-
distance couplings with data.
Weak annihilation (WA) contributions are formally
of subleading order in 1/mb, but an additional chiral
enhancement makes them phenomenologically relevant
for a consistent description of experimental data in the
SM and scenarios beyond. In QCDF and SCET, they
are plagued by nonfactorizable divergences, which are
present in endpoint regions of convolutions of meson DAs.
In QCDF, these divergences are frequently parameter-
ized by a phenomenological complex parameter [3] and
hence are model-dependent. In particular, the associ-
ated strong phase governs the size of CP asymmetries.
In practice this leads to large theoretical uncertainties in
the prediction of observables [5, 15]. Although branch-
ing fractions and CP asymmetries are sensitive to new
physics effects, the model-dependence and the arising un-
certainties due to the involved strong phases raise the
question how reliable information can be extracted on
the short-distance couplings.
Here we determine the model-dependence in the
framework of QCDF from data, admitting one phe-
nomenological parameter for decays B → MaMb that
are related by (u ↔ d) quark exchange. The theoretical
uncertainties of all other input parameters (see App. A)
are treated as uncorrelated and have been included into
the likelihood as explained in App. B. We use data of
mostly QCD-penguin dominated Bu,d decays into PP =
Kpi, Kη(
′), KK or PV = Kρ, Kφ, Kω, K∗pi, K∗η(
′) or
V V = K∗ρ, K∗φ, K∗ω, K∗K∗, and further Bs decays
into PP = pipi, KK, Kpi or V V = φφ, K∗φ, K∗K∗ final
states. We determine also the relative magnitude of sub-
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2leading WA amplitudes compared to the relevant leading
order amplitudes. The results within the context of the
SM are presented in Sec. IV. Given the current data, a
simultaneous fit of the WA parameters and the short-
distance couplings is pursued in Sec. V for generic NP
extensions of the SM in order to explore the constrain-
ing power of these decays. Before presenting our results
of the fit, we review the observables and collect the ex-
perimental input of charmless 2-body decays in Sec. II.
The relevant details of QCDF and the definition of the
phenomenological parameter are summarized in Sec. III.
Various appendices collect additional material on numer-
ical input in App. A and the statistical treatment of ex-
perimental and theoretical uncertainties as well as deter-
mination of pull values and p values in App. B.
II. B →MM OBSERVABLES AND DATA
The 2-body decays of B mesons into final states f =
PP, PV, VhVh with light charmless pseudo-scalar (P )
and/or vector (Vh) mesons with polarization mode h =
L,⊥, ‖ provide various observables in time-integrated,
time-dependent, and also angular analyses. These are
reviewed in the first part of this section, whereas in the
second part the according available experimental data is
listed that has been used in the fits.
A. Observables
The most important observables for decays of charged
Bu mesons into a final state f are the CP-averaged
branching fraction and the (direct) CP-asymmetry
B[Bu → f ] = τBu
2
(
Γ[B¯u → f¯ ] + Γ[Bu → f ]
)
,
ACP[Bu → f ] = Γ[B¯u → f¯ ]− Γ[Bu → f ]
Γ[B¯u → f¯ ] + Γ[Bu → f ]
.
(II.1)
Concerning decays of neutral BD mesons (D = d, s)
into a common final state f for both flavor eigen-
states B¯D and BD, the simplest measurements are un-
tagged rates. The decay is governed by the decay rates
RH,Lf ≡ Γ[BH,LD → f ] of the heavy and light mass
eigenstates BH,LD , which yield the averaged and time-
integrated branching fraction
B[BD → f ] = 1
2
∫
dt
(
RLf e
−ΓLDt +RHf e
−ΓHDt
)
=
1
2
(
RLf
ΓLD
+
RHf
ΓHD
)
,
(II.2)
with their respective lifetimes ΓH,LD in the two exponen-
tials. The mass eigenstates are related to the flavor eigen-
states |BLD〉 = p|BD〉+q|B¯D〉 and |BHD〉 = p|BD〉−q|B¯D〉
defining q and p. On the other hand, theoretical predic-
tions are made for the flavor eigenstates, implying t = 0,
B[BD → f ] =
1
2
(
Γ[B¯D → f ] + Γ[BD → f ]
)
1
2
(
ΓLD + Γ
H
D
) (II.3)
with the average lifetime τBD = (ΓD)
−1 ≡ 2/(ΓLD + ΓHD).
Both branching fractions are related via [16]
B[BD → f ] = B[BD → f ] 1 + yDHf
1− y2D
(II.4)
where yD is proportional to the width difference ∆ΓD
yD =
∆ΓD
2ΓD
≡ Γ
L
D − ΓHD
ΓLD + Γ
H
D
. (II.5)
The CP asymmetry due to nonvanishing width difference,
Hf =
RHf −RLf
RHf +R
L
f
, (II.6)
is an independent observable and provides complemen-
tary tests of physics beyond the SM. It can be obtained
from measurements of effective lifetimes in untagged, but
time-dependent rate measurements [17] or together with
the mixing-induced CP asymmetry Sf and the direct CP
asymmetry Cf = −ACP of a time-dependent analysis
ACP[BD → f ](t) = Sf sin(∆mD t)− Cf cos(∆mD t)
cosh
(
∆ΓD
2 t
)−Hf sinh (∆ΓD2 t) ,
(II.7)
where the mass difference of the heavy and light mass
eigenstates is denoted as ∆mD = m
H
D − mLD > 0. The
three CP asymmetries are not independent of each other,
|Sf |2 + |Cf |2 + |Hf |2 = 1, and are given in terms of one
complex quantity
λf =
q
p
Af
Af
, (II.8)
as follows
Sf =
2 Im(λf )
1 + |λf |2
, Hf =
2 Re(λf )
1 + |λf |2
,
Cf =
1− |λf |2
1 + |λf |2
.
(II.9)
In Eq. (II.8) Af = A[B¯D → f ] and Af = A[BD → f ]
denote the decay amplitudes and in Sec. III we review
their calculation in QCDF.
In the limit ∆ΓD → 0 one obtains B[BD → f ] =
B[BD → f ]. This is the case for D = d to a very
good approximation in the SM where yd|SM = (0.21 ±
0.04) · 10−2  1 [18]. Currently, the precision of ex-
perimental results does not yet allow to test the SM
prediction. Measurements are available from B-factories
|yd| = (0.7±0.9) ·10−2 [19] and a recent determination of
3LHCb from effective lifetimes yd = (−2.2±1.4)·10−2 [20],
which assumes the SM result for Hf . Model-independent
analysis of effects of NP in ∆Γd show that there is still
room for huge nonstandard contributions [21]. We use
the approximation yd = 0 in all our predictions, which
is well justified in the SM and also the considered NP
scenarios.
On the other hand, ∆Γs is not negligible and the
current world average from Bs → J/ψφ analyses alone
is [19]
ys = (5.8± 1.0) · 10−2 , (II.10)
which will be used in our analysis. In general −1 ≤
Hf ≤ 1, and therefore the correction factor on the r.h.s.
of Eq. (II.4) can become of O(10%) for final states f
that are CP eigenstates, as has been found for some
cases [16]. Other averages take into accountBs → J/ψpipi
angular analysis, the effective lifetime measurement of
Bs → K+K− and flavor-specific Bs lifetime averages,
which involve additional assumptions in the potential
presence of new physics. They yield a slightly larger
value then in Eq. (II.10), ys = (6.2 ± 0.9) · 10−2 [19],
being consistent within the uncertainties.
Besides branching fractions and CP-asymmetries, 2-
body decays B → V V with subsequent decays V → PP
provide additional observables in the full angular anal-
ysis of the 4-body final state [22]. The decay can be
described in terms of three amplitudes, which can be
chosen to correspond to definite helicities of the final-
state vector mesons Va,haVb,hb with ha = hb = (L,+,−)
or, as in the following, transversity amplitudes A‖,⊥ =
(A+ ± A−)/
√
2. The three magnitudes and two relative
phases of the Ah can be measured in a three-fold angular
decay distribution, where we follow the definitions [23].
Hence, five CP-averaged and CP-asymmetric observables
can be measured in the case where tagging of the initial
B-flavor is possible. There are polarization fractions and
relative phases for B¯ decays
f B¯h =
|A¯h|2∑
h |A¯h|2
, φB¯‖,⊥ = arg
A¯‖,⊥
A¯L
. (II.11)
In view of the normalisation condition f B¯L +f
B¯
‖ +f
B¯
⊥ = 1
one uses the branching fraction and two of the polar-
ization fractions. In combination with the same quan-
tities from B decays, replacing A¯h → Ah, one has
three CP-averaged polarization fractions and three CP-
asymmetries
fh =
1
2
(
f B¯h + f
B
h
)
, ACPh =
f B¯h − fBh
f B¯h + f
B
h
. (II.12)
Concerning the phases, the following two CP averaged
and CP violating observables can be constructed for h =
(‖,⊥)
φh =
1
2
(
φB¯h + φ
B
h
)
− pi sgn
(
φB¯h + φ
B
h
)
θ
(
φB¯h − φBh − pi
)
,
∆φh =
1
2
(
φB¯h − φBh
)
− pi θ
(
φB¯h + φ
B
h
)
.
(II.13)
This convention implies φh = ∆φh = 0 at leading or-
der in QCDF, where all strong phases are zero [23] and
might differ for the sign of AL relative to A‖,⊥ adopted
by experimental collaborations.
In the case of Bs → V V decays, again a correction
factor Eq. (II.4) due to ys 6= 0 applies, however now
B[BD → f ] =
∑
h=L,‖,⊥
B[BD → fh] 1 + yDHfh
1− y2D
,
f¯h =
B[BD → fh]∑
h=L,‖,⊥
B[BD → fh]
1 + yDHfh
1− y2D
.
(II.14)
Here Hfh is defined as in Eq. (II.9) and the quantity λf
is evaluated with Af → Afh .
Besides these observables, further combinations are
considered that involve different types of charged and
neutral B, Ma and Mb mesons. They are either ra-
tios of branching fractions or differences of direct CP-
asymmetries. The complete set of ratios [15, 31] is
RBc = 2
B[B− →M−a M0b ]
B[B− →M0aM−b ] , RMac = 2 B
[
B− →M−a M0b
]
B[B¯0 →M−a M+b ] , RMbc = B
[
B− →M0aM−b
]
B[B¯0 →M−a M+b ] ,
RBn =
1
2
B[B¯0 →M−a M+b ]
B[B¯0 →M0aM0b ] , RMan = 12 B
[
B− →M0aM−b
]
B[B¯0 →M0aM0b ] , RMbn = B
[
B− →M−a M0b
]
B[B¯0 →M0aM0b ] ,
(II.15)
where factors of τB0/τB− are not included in the definition of R
Ma,Mb
c,n , contrary to [15]. It is anticipated that these
ratios are measured directly in experimental analyses, such that common experimental systematic errors cancel.
Further, the following two differences of direct CP asymmetries are frequently considered
−∆C = ∆ACP = ACP
[
B− →M−a M0b
]−ACP[B¯0 →M−a M+b ] ,
∆A0CP = ACP
[
B− →M0aM−b
]−ACP[B¯0 → M0aM0b ] , (II.16)
4b→ s b→ d
B → Kpi B → Kη B → Kη′ Bs → KK [24] Bs → pipi B → KK Bs → Kpi
K0pi0 : B, C, S K0η : B K0η′ : B, C, S K+K− : B, C, S pi+pi− : B K0K¯0 : B K+pi− : B, C
K+pi− : B, C K+η : B, C K+η′ : B, C K+K− : B
K+pi0 : B, C K+K0 : B, C
K0pi+ : B, C
TABLE I: Observables of B → PP decays mediated by b→ s and b→ d transitions that are used in the fit.
b→ s
B → K∗pi B → Kρ B → K∗η B → K∗η′ B → Kφ [25–28] B → Kω [29, 30]
K∗0pi0 : B, C K0ρ0 : B, C, S K∗0η : B, C K∗0η′ : B, C K0φ : B, C, S K0ω : B, C, S
K∗+pi− : B, C K+ρ− : B, C K∗+η : B, C K∗+η′ : B, C K+φ : B, C K+ω : B, C
K∗+pi0 : B, C K+ρ0 : B, C
K∗0pi+ : B, C K0ρ+ : B, C
TABLE II: Observables of B → PV decays mediated by b→ s transitions that are used in the fit.
in which in QCDF a cancellation of uncertainties takes
place [32].
In order to separate NP effects in decays from those in
BD-BD mixing in Sf , we define the observables [33, 34]
∆Sf = −ηfSf −
{
S(B¯d → J/ψ K¯S) D = d
S(B¯s → J/ψ φ) D = s
(II.17)
with ηf = ±1 the CP eigenvalue of the final state f .
The decays B¯d → J/ψ K¯S and B¯s → J/ψ φ are domi-
nated by contributions from charm tree-level operators
and CP violation in the decay is both parametrically
(CKM) and topologically (loop) suppressed. We expect
that the CP-violating phase in BD-BD mixing, φBd and
φBs , can clearly be extract from those decays, even in
the presence of most NP scenarios [35]
λJ/ψ K¯S ' e−iφBd , S(B¯d → J/ψ K¯S) ' sin 2β,
λJ/ψ φ ' e−iφBs , S(B¯s → J/ψ φ) ' sin 2βs,
(II.18)
in which the angles of the CKM unitarity triangle are
defined as β = arg
(
λdc/λ
d
t
)
and βs = arg (λ
s
t/λ
s
c). This
source of CP violation enters the mixing-induced CP
asymmetry of most decays that are triggered by b → s
transition in the same way and can be eliminated by the
construction of ∆Sf , which therefore exclusively mea-
sures the interference of CP violation in the decay and in
mixing.
B. Data
We investigate mainly B → MM decays mediated
by b → s transitions but will consider also some b → d
examples. The final 2-meson state MM consists either
out of two pseudo-scalars (MM = PP ) or one pseudo-
scalar and one vector (MM = PV )1 or two vectors
(MM = V V ), which are listed in Tab. I, Tab. II, and
Tab. III, respectively, together with the observables that
have been measured. We use the most recent values of
branching ratios B as well as direct and mixing-induced
CP asymmetries ACP = −C and S from the Heavy Fla-
vor Averaging Group (HFAG) 2012 compilation and up-
dates from 2013/2014 on the website [19]. For decays
into V V -final states we include also the data of polar-
ization fractions fL,⊥, the relative phases φ‖,⊥ and CP-
asymmetries CL,⊥. Meanwhile, some observables had
been updated or measured for the first time from indi-
vidual experiments and not yet included in the HFAG
averages. In these cases we do not make use of HFAG
averages, but instead all measurements from individual
experiments enter the likelihood function in Eq. (B3) as
single measurements. The according references are given
explicitly in the tables for such cases.
In addition we investigate the complementarity of
composed observables, the ratios RB,Ma,Mbc,n (II.15) of
branching fractions and differences of CP asymmetries
∆C (II.16). In the future, it is desirable to have di-
rect experimental determinations of the uncertainties for
1 Here MM = PV stands for both, MM = PV and MM = V P .
5b→ s b→ d
B → K∗ρ B → K∗φ [36–38] B → K∗ω Bs → φφ Bs → K∗K∗ [39] Bs → K∗φ B → K∗K∗
K∗0ρ0 : B, C, fL K∗0φ : B, C, CL,⊥, K∗0ω : B, C, fL φφ : B, fL K∗0K∗0 : B, fL K∗0K∗0 : B, fL
K∗+ρ− : B, C, fL fL,⊥, φ‖,⊥ K∗+ω : B, C, fL K∗+φ : B, fL K∗+K∗0 : B, fL
K∗+ρ0 : B, C, fL K∗+φ : B, C, CL,⊥,
K∗0ρ+ : B, C, fL fL,⊥, φ‖,⊥
TABLE III: Observables of B → V V decays mediated by b→ s and b→ d transitions that are used in the fit.
these “composed” observables that already account for
the cancellation of common experimental systematic un-
certainties, which are only accessible to the experimental
collaborations themselves. This is important, since usu-
ally outsiders are not in the position to account retroac-
tively for cancellations of systematic errors and are re-
stricted to the application of rules of error propagation
to the uncertainties of the measurements of the involved
components, which then might result in too conservative
estimates. Of course such a procedure on the experimen-
tal side requires that the according decay modes with
charged and neutral initial/final states can be analyzed
simultaneously, which is the case for Babar, Belle and
also Belle II. In this context it should be noted that ra-
tios of gaussian distributed quantities are not gaussian
distributed, although the differences are small as long as
the tail regions of the distribution do not contribute. The
details of the treatment of Gaussian and ratio of Gaus-
sian distributed experimental probability distributions of
the measurements are given in App. B.
The tables Tab. I, Tab. II, and Tab. III show that
the decay systems B → Kpi, K∗pi, Kρ, K∗ρ (and K∗φ)
are the ones with the most measured observables, allow-
ing to investigate the complementarity of the constraints
imposed on the phenomenological parameter of WA by
branching fractions versus CP asymmetries versus other
observables in V V -final states. In these cases we can also
form the ratios of branching fractions Eq. (II.15) and dif-
ferences of CP asymmetries Eq. (II.16). We will perform
fits using two different sets of observables for these sys-
tems. In the first, called “Set I”, we will use four branch-
ing fractions and four direct CP asymmetries. In the
lack of precise experimental data on the mixing-induced
CP-asymmetry S, we rather prefer to predict them from
the results of the fit then including them in the fit, see
App. B 4 for details on the procedure. Such predictions
can be tested with measurements of S by Belle II and
LHCb in the near future [40–42] and are given for the
SM and some NP fits in Tab. VII and Tab. X. The sec-
ond “Set II” contains the fully independent observables
of one branching fraction, three ratios RB,Ma,Mbc,n , three
direct CP asymmetries C and the difference of CP asym-
metries ∆C – see Tab. V for the explicit list of observ-
ables. In summary:
Set I : (4× B) + (4× C)
Set II : (1× B) + (3×Rc,n)
+ (3× C) + ∆C .
(II.19)
III. B →MM IN QCD FACTORIZATION
Here we revisit the building blocks that arise in
QCDF to calculate the final state-dependent corrections
needed for a suitable prediction of the decay amplitudes
λf Eq. (II.8) and details of their treatment in our anal-
ysis. Most importantly, the parametrization of the end-
point divergences arising in weak-annihilation (WA) and
hard-scattering (HS) contributions are given, which will
be determined from experimental data in Sec. IV and
Sec. V in the framework of the SM and scenarios of NP,
respectively. Further, we describe in Sec. III B the de-
termination of the relative magnitude of WA amplitudes
compared to the leading ones in the SM and NP scenar-
ios, as they are formally of subleading order in 1/mb, but
chirally enhanced.
In our analysis all decay modes are driven by the same
flavor transition b→ D (D = d, s), which is described by
the effective Hamiltonian of electroweak interactions. In
the SM [2, 3]
HDeff =
GF√
2
∑
p=u,c
λ(D)p
(
C1O
p
1 + C2O
p
2
+
10∑
i=3
CiOi + C7γO7γ + C8gO8g
)
+ h.c.,
(III.1)
where GF denotes the Fermi constant and λ
(D)
p ≡ VpbV ∗pD
are products of elements of the CKM matrix. The flavor-
changing operators are
Op1 = (D¯p)V−A(p¯b)V−A,
Op2 = (D¯αpβ)V−A(p¯βbα)V−A,
O3(5) = (D¯b)V−A
∑
q
(q¯q)V∓A,
O4(6) = (D¯αbβ)V−A
∑
q
(q¯βqα)V∓A,
6O7(9) =
3
2
(D¯b)V−A
∑
q
eq(q¯q)V±A,
O8(10) =
3
2
(D¯αbβ)V−A
∑
q
eq(q¯βqα)V±A,
O7γ = −emb
8pi2
(D¯ σµν(1 + γ5) b)Fµν ,
O8g = −gsmb
8pi2
(D¯ασ
µν(1 + γ5)T
a
αβbβ)G
a
µν , (III.2)
where (q¯1q2)V±A = q¯1γµ(1±γ5)q2, the sum is over active
quarks q = (u, d, s, c, b), with eq denoting their electric
charge in fractions of |e| and α, β denoting color indices.
The Wilson coefficients, Ci, are obtained by a matching
calculation at a scale typically of the order O(MW ) of the
W -boson mass and are evolved down to the low energy
scale of O(mb) of the bottom-quark mass by means of
the renormalization group (RG) equation. Here, we will
use the modified counting scheme, as described in [3],
in which the dominant part of the electroweak penguin
Wilson coefficients Ci (i = 7, . . . , 10) are treated as a
leading order effect. The electroweak penguin operators
belong to the isospin-violating part of HDeff and affect in
principle isospin-asymmetric observables, as for example
Eq. (II.15) and Eq. (II.16).
A. Weak annihilation in QCDF
As was established by Beneke, Buchalla, Neubert and
Sachrajda [2, 3], the matrix elements of the involved op-
erators can be treated systematically in a 1/mb expansion
that has become known as QCD factorization (QCDF).
At leading order this yields
〈M1M2|Oi |B〉 =
∑
j
FB→M1j (m
2
2)
∫ 1
0
duT Iij(u)ΦM2(u) + (M1 ↔M2)
+
∫ 1
0
dξdvduT IIi (u, v, w)ΦB(ξ)ΦM1(v)ΦM2(u) +O
(
ΛQCD
mb
) (III.3)
two terms with hard-scattering kernels T I,II, which are
calculable in perturbation theory to higher orders in the
QCD coupling αs. They are convoluted with light-cone
distribution amplitudes (DA) of the light mesons, de-
noted as ΦMi , and are multiplied by the corresponding
heavy-to-light form factors FB→Mij in the case of T
I and
involve an additional convolution with the B-meson dis-
tribution amplitude ΦB in the case of T
II. In Eq. (III.3),
the meson M1 inherits the spectator quark of the decay-
ing B meson, and depending on the final state, the decay
amplitude might depend also on matrix elements with
M1 ↔M2, see [3, 5] for details.
At leading order in 1/mb, the perturbative kernels
T I,II have been calculated up to NLO in strong coupling
αs [2, 3] and throughout we will stay within this approxi-
mation. Contrary to previous works [3, 5, 15], we employ
Wilson coefficients of the weak Hamiltonian evaluated at
the scale mb even in WA and HS contributions, only the
strong coupling αs is evaluated at the semi-hard scale
µh =
√
ΛQCDmb. In the SCET approach this is appar-
ent as a subsequent matching step from QCD to SCETI
taken at µ ∼ mb such that the Wilson coefficients of the
weak Hamiltonian do not run below mb, whereas αs does.
Equivalent arguments in the framework of QCDF can be
found in [43].
The NNLO αs corrections to T
I,II are work in progress
and by now the only lacking part are corrections to T I
from QCD- and QED-penguin operators i = 3, . . . , 10
as well as the dipole operators i = 7γ, 8g. These NNLO
corrections are especially important for decays under con-
sideration here because strong phases are generated in
QCDF only at NLO and higher order corrections might
be large, apart from the reduction of renormalization
scheme dependences. In the case of the color-allowed
and color-suppressed current-current contributions due
to Op1,2, the NNLO contributions to T
I cancel in large
parts for both, real and imaginary parts, [44–46] with
the ones to T II [47–49] in the corresponding amplitudes
α1,2(MM) [46, 50] for MM = pipi, ρpi, leaving them close
to NLO predictions. This might not be the case for final
states considered here.
As it is discussed in detail in the literature [3, 5], con-
tributions from HS and WA topologies, which are sub-
leading in 1/mb, elude so far from a systematic treatment
in QCDF. However, they can be chirally enhanced and
contribute sizable corrections in predictions. Due to the
ignorance of the respective QCD mechanisms, additional
phenomenological parameters were introduced
Xk = (1 + ρk) ln
mb
ΛQCD
,
ρk ≡ |ρk|eiφk
(III.4)
with the complex parameters ρk for k = A,H.
In the HS they originate from terms involving twist-3
light-cone DAs Φm1(y) with Φm1(y) 6= 0 for y → 1 in
convolutions∫ 1
0
Φm1(y)dy
1− y ≡ Φm1(1)XH +
∫ 1
0
Φm1(y)dy
[1− y]+ ,
(III.5)
7which are regulated by the introduction of the phe-
nomenological parameter XH
2, representing a soft-gluon
interaction with the spectator quark. As indicated above,
it is expected that XH ∼ ln(mb/ΛQCD) because it arises
in a perturbative calculation of these soft interactions
that are regulated in principle latest by a physical scale
of order ΛQCD. Neither the adequate degrees of free-
dom nor their interactions, which should be used in an
effective theory below this scale are known. It is also
conceivable that factorization might be achieved at some
intermediate scale between mb and ΛQCD. The factor
(1 + ρH) summarises the remainder of an unknown non-
perturbative matrix element, including the possibility of
a strong phase, which affects especially the predictions
of CP asymmetries. The numerical size of the complex
parameter ρH is unknown, however too large values will
give rise to numerically enhanced subleading 1/mb contri-
butions compared to the formally leading terms putting
to question the validity of the 1/mb expansion of QCDF.
WA is entirely subleading in 1/mb and consists in
principle of six different building blocks Ai,fk (k = 1, 2, 3),
which are characterized by gluon emission from the initial
(i) and final (f) states and the three possible Dirac struc-
tures that are involved: k = 1 for (V −A)⊗(V −A), k = 2
for (V −A)⊗(V +A) and k = 3 for (−2)(S−P )⊗(S+P ).
They contribute to non-singlet annihilation amplitudes
with specific combinations of Wilson coefficients of the
4-quark operators [3, 5]
b1 =
CF
N2c
C1A
i
1 ,
b2 =
CF
N2c
C2A
i
1 ,
bp3 =
CF
N2c
[
C3A
i
1 + C5(A
i
3 +A
f
3 ) +NcC6A
f
3
]
,
bp4 =
CF
N2c
[
C4A
i
1 + C6A
i
2
]
,
bp3,EW =
CF
N2c
[
C9A
i
1 + C7(A
i
3 +A
f
3 ) +NcC8A
f
3
]
,
bp4,EW =
CF
N2c
[
C10A
i
1 + C8A
i
2
]
, (III.6)
and depend on M1 and M2. Here, Nc = 3 denotes the
number of colors and the color factor CF = 4/3. In par-
ticular, they correspond to the amplitudes due to current-
current (b1, b2), QCD-penguin (b
p
3, b
p
4) and electroweak
penguin (bp3,EW, b
p
4,EW) annihilation. Below we will fre-
quently refer to WA amplitudes with the normalization
2 In principle one might introduce a separate XH for each meson
M1 and M2 as well as for each operator insertion.
[5]
β
(p)
i = Nβ

b
(p)
i
mM2
for M1M2 = V
±V ±
b
(p)
i
mB
for all others
(III.7)
where the argument M1M2 has been suppressed and
Nβ ≡ fBfM1/(mBFB→M1) is independent on M2. As in
the case of HS, the endpoint singularities in WA ampli-
tudes are regulated in a model-dependent fashion. The
results are expressed in terms of convolutions of hard-
scattering kernels with DAs of twist-2 and chirally en-
hanced twist-3, involving phenomenological parameters
XA ∫ 1
0
dy
y
→ XA ,
∫ 1
0
ln y dy
y
→ −1
2
(XA)
2 ,
(III.8)
which in principle are different for each meson and each
building block Ai,fk . Explicit expressions for A
i,f
k in terms
of XA are given for MM = PP, PV, V P, V V in the lit-
erature [5, 23, 51], but independently one has Af1,2 = 0.
As a further simplification, it is assumed in the literature
that there is only one phenomenological parameter, in-
dependent of meson type and Dirac structure, such that
Ai,fk (XA) are functions of the same parameter. In this
context we would like to note that in the most relevant
WA amplitude βc3 the building block A
f
3 is parametri-
cally enhanced by Nc and in the SM a large Wilson co-
efficient. In consequence its contribution dominates over
the ones of Ai1,3. It should be noted that the WA am-
plitudes (III.6) in the light-cone sum rule (LCSR) ap-
proach exhibit the same dependence on the products of
Wilson coefficients and building blocks [52], however in
this approach the calculation of Ai,fk does not suffer from
endpoint singularities due to different assumptions and
approximations. With the latter in mind, a more general
approach would be to interpret the building blocks them-
selves as phenomenological parameters, or equivalently
introduce one XA for each of them. When investigating
new-physics effects, it is desirable to keep the explicit de-
pendence on the Wilson coefficients in (III.6) since they
depend on NP parameters, including new weak phases.
In the case of non-negligible WA contributions, the CP
asymmetries and branching fractions will be sensitive to
the interference of the new physics phases and the strong
phases from XA.
As already indicated, the phenomenological param-
eters XA,H are unknown and their size is convention-
ally adjusted within some range |ρA,H | . 2 to reproduce
data whereas the phase φA,H is kept arbitrary and varied
freely to estimate the uncertainty in theoretical predic-
tions of observables within QCDF due to WA and HS.
This procedure showed the phenomenological importance
8of WA and constitutes a major source of theoretical un-
certainty in predictions within the SM [5] and searches
beyond [15] and below we will refer to it as “conventional
QCDF”.
In this work, we are going to fit ρA — and for
B → Kpi also ρH — from data. As a consequence, no
predictions will be possible for those observables that are
used in the fit, while the fitted values of ρA depend on
the short-distance model under consideration. Yet, the
consistency of the underlying short-distance model can
be tested. We perform our fits in the framework of the
SM, and further in new physics scenarios simultaneously
with the additional NP parameters. In the latter case,
the determination of the NP parameters will take into
account the uncertainty of the WA contribution when
marginalizing over ρA.
This procedure is different to conventional QCDF in
as much as it assumes one universal parameter ρA for all
observables in one specific decay mode. Indeed, in con-
ventional QCDF the independent variation of ρA,H for
each observable in a specific decay corresponds to a dif-
ferent WA (and HS) parameter for each observable. How-
ever, since in QCDF the parameters ρA,H are introduced
at the level of decay amplitudes one would expect that
they are the same for all observables of a specific decay
mode. Consequently, conventional QCDF allows for situ-
ations where experimental measurements and theory pre-
dictions for two observables are in agreement, although
for the first observable the agreement is reached for values
of φA,H that might be much different from those where
the agreement is reached for the second observable.
In the lack of precise data for most of the decays, we
make the further assumption of a WA parameter that
is even universal for decay modes that are related by
the exchange of (u ↔ d) quarks. As an example, this
allows to combine observables of the four decay chan-
nels B¯0 → K¯0pi0, K−pi+ and B− → K−pi0, K¯0pi−,
to which we refer as “decay system” B → Kpi. All
considered decay systems and the according observables
have been listed in Tab. I, Tab. II and Tab. III. This
assumption is motivated by the circumstance that the
dominant contributions to the amplitude in all consid-
ered decays come actually from the linear combination
αˆ4(M1M2) = α4(M1M2) + β3(M1M2), which is due to
isospin-conserving QCD penguin operatorsO3,...,6 (III.2).
The definition of all αi’s can be found in [5], whereas βi’s
are given in Eq. (III.7). Other assumptions have been
tested in the literature as for example universal weak
annihilation among Bs and Bd decays into final states
containing kaons and pions [53].
The procedure reflects the general idea inherent to
1/mb expansions, which aim at a factorization into short-
distance and universal nonperturbative quantities, where
the latter are determined from data in the lack of first
principle determinations. Presently, however, factoriza-
tion theorems are not yet established at subleading or-
der that would support the existence of such universal
quantities. In view of this, our study can affirm at most
experimental evidence against the assumption of one uni-
versal parameter per decay system. Therefore a positive
affirmation may not be over interpreted. Finally, it must
also be noted that contributions of not included NNLO
corrections could be sizeable and in our fits they are inter-
preted as part of the phenomenological WA parameter.
B. Size of power suppressed corrections
In this work, we determine the size of subleading WA
(and HS) contributions from data in the framework of the
SM and NP scenarios. Due to the chiral enhancement,
WA contributions are not necessarily 1/mb suppressed
numerically with respect to the leading order amplitudes.
Therefore, it is of interest to know the relative magnitude
of WA to leading amplitudes for the best fit regions of
ρA(H). For this purpose we introduce the quantities
ξAi (ρA) =
∣∣∣∣ βi(ρA)α(i+δi3),I
∣∣∣∣ , (III.9)
for WA and
ξHi (ρH) =
∣∣∣∣∣ α
tw−3
i,II (ρH)
αi,I + α
tw−2
i,II
∣∣∣∣∣ , (III.10)
for HS amplitudes. For the latter, αtw−3i,II denotes the
subleading, but chirally enhanced, twist-3 contribution,
whereas αtw−2i,II is the leading HS contribution from twist-
2 DAs, which is free of endpoint divergences. The lead-
ing amplitudes are splitted into αi = αi,I + αi,II, with
the two contributions from kernel I and II introduced
in Eq. (III.3). Note that ξA3 = |β3/α4,I|. This defini-
tion is generalized for the case MM = V V , where ξA
is defined as the mean value of the corresponding ratios
for the longitudinal and negative polarized amplitudes
ξAi,V V ≡ (ξAi,L + ξAi,−)/2.
The most important contribution from power-
suppressed corrections are clearly obtained from HS in
α2, which is enhanced by the large Wilson Coefficient C1
and from the WA correction β3 in QCD-penguin domi-
nated decays. Therefore ξH2 and ξ
A
3 will play an impor-
tant role in the phenomenological part of this work.
In the SM, the ξA-ratios depend exclusively on ρA and
contour lines of constant ξA can be easily obtained in the
complex ρA-plane. Concerning fits in new-physics sce-
narios, the ξA-ratios depend in addition on new-physics
parameters xNP, where dim(xNP) corresponds to their
number. The dependence is both, explicit in the Wilson
coefficients and implicit on data via the likelihood. In
this case one would be interested in the minimal value
of ξAi (x
NP) in the 68% credibility regions (CR) of all NP
parameters, but marginalized over ρA. Since the deter-
mination of this CRs requires huge computational efforts
when dim(xNP) > 2, we proceed differently. In the course
of the fit, we histogram in all 2-dimensional subspaces of
NP parameters (xNPa , x
NP
b ), with a 6= b, those values ξA
9in each bin (xNPa , x
NP
b ) that belong to the largest likeli-
hood value when sampling the complementary subspace
of the remaining NP parameters xNPc with c 6= a and
c 6= b. As a result, in each of the 2D-marginalized planes,
“labeled” by (a, b), the 68% CR will contain a smallest
and a largest ξAi in one of the bins in (x
NP
a , x
NP
b ), which
all belong to the minimal χ2 in the subspace of xc. As
the final range we choose the minimum of the smallest
values and the maximum of the largest values from all
the pairs (a, b) in our NP analyses in Sec. V.
IV. WEAK ANNIHILATION IN THE
STANDARD MODEL
In this section we present the results of the deter-
mination of the WA parameter ρA from data of various
QCD-penguin-and WA-dominated nonleptonic charmless
B → MM decays in the framework of the SM. This in-
cludes characteristics of the best-fit regions, the p values
at the best-fit point and pull values for observables, as
well as the relative amount of the subleading WA contri-
bution needed to explain the data, which we quantify by
the ratio ξA3 defined in Eq. (III.9).
We start with an extensive discussion of the B → Kpi
system, which shows the largest deviations from SM pre-
dictions for the difference of CP asymmetries ∆C(Kpi)
(see Eq. (II.16)), commonly known in the literature as
the “∆ACP puzzle” and to a lesser extent in the ratio
RBn (Kpi). We investigate the “∆ACP puzzle” further in
a simultaneous fit of the parameter of WA, ρA, and HS,
ρH , and discuss the implications on other CP asymme-
tries in Bd,s → Kpi.
We turn then to the discussion of the decays B →
Kρ, K∗ρ, K∗pi, which allow also for studies of differ-
ent sets of observables in Set I and Set II due to the
rather numerous and quite precise measurements. Sub-
sequently, we discuss shortly the results for other decays
listed in Tab. I, Tab. II and Tab. III with some special
comments on B → Kω and B → K∗φ. For each decay
system we present separate constraints from branching
fractions, CP asymmetries, polarization fractions and rel-
ative phases on the WA parameter ρA, besides the com-
bined ones.
Apart from the above listed penguin dominated de-
cays, we also study decays mediated solely by weak an-
nihilation, such as B → K+K− and Bs → pi+pi−. Being
independent of β3 and hence A
f
3 , these decay modes are
sensitive to a WA contribution from Ai1,2 and provide
access to different building blocks.
Based on our previous fit results, we discuss finally
the assumption of a universal WA for Bd and Bs decays
into the same final states and investigate in particular
consequences for CP asymmetries in Bs → Kpi in view
of the “∆ACP puzzle” in B → Kpi.
The statistical procedure used in all fits is described
in App. B. In the SM, we deal mostly with the fit of one
complex-valued parameter ρA except for the B → Kpi
system, where we also perform a simultaneous fit of ρA
and ρH . When fitted, for both parameters a uniform
prior
0 ≤ |ρA,H | ≤ 8 , 0 ≤ φA,H ≤ 2pi , (IV.1)
is assumed and no restriction is imposed on the phases.
In comparison, in conventional QCDF the magnitude
|ρA,H | ≤ 2 is used for uncertainty estimates of theoretical
predictions. In the case that ρH is not fitted, but treated
as a nuisance parameter instead, we use |ρH | = 1 and
vary 0 ≤ φH ≤ 2pi.
Our findings for lower and upper bounds on ρA in
the 68% CR are summarized in Tab. IV for all consid-
ered decay systems. It can be seen that data requires
non-zero values of |ρA| to be in agreement with QCDF
predictions in the SM. In some cases they are much larger
compared to the conventionally adapted ranges, allowing
thus in principle for a better agreement of theoretical pre-
dictions with data. Since we use Wilson coefficients at
the scale µ ∼ mb in WA (and HS) contributions, contrary
to [5, 15], our numerical values of |ρA| are in general a
bit larger compared to the ones known in the literature.
Representing the size of a nonperturbative quantity, |ρA|
is expected naively to be of order one, whereas too large
values would put in doubt the convergence of the 1/mb
expansion.
Further we list the ratio ξA3 of WA amplitudes to lead-
ing ones as a measure of the numerical relevance of these
formally subleading but chirality enhanced contributions.
At the best-fit point of ρA the according value is indeed
ξA3 < 1 for many decay systems. Although at the best-fit
point ξA3 might reach values up to 2 or even 3 for some
decay systems, once considering the 68% CR in ρA, it is
possible to have again ξA3 < 1 (except for Bs → K∗K∗)
for the price of some tension among data and prediction.
Bearing in mind the chirality enhancement, our fits of
the data thus do not indicate anomalously huge WA con-
tributions, which put QCDF into question in principle.
By definition, there is no ξA3 for the two pure WA modes
Bd → K+K− and Bs → pi+pi−.
A. Results for B → Kpi
The B → Kpi system offers the most precise measured
branching fractions and CP asymmetries (see Tab. I)
among the decays considered here. In consequence, we
find stringent bounds on the WA parameter ρKpiA . This
can be seen in Fig. 1a when using the observables in
Set I and Fig. 1b for Set II. The allowed regions from
both, B and/or RB,Ma,Mbc,n (blue) as well as C and/or ∆C
(green) are very distinct leaving two tiny overlap regions
(red) at 68% probability around ρKpiA ≈ 2.1 exp(i 5.5) and
ρKpiA ≈ 3.4 exp(i 2.7), which differ only slightly for both
Sets I and II. The best-fit points listed in Tab. V fall into
the solution with larger |ρKpiA | ≈ 3.4, but it must be noted
that the other solution provides almost equally good fits
in terms of χ2.
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MM = PP
B → Kpi B → Kη B → Kη′ B → KK Bs → KK Bs → pipi Bs → Kpi
ξA3
BFP 0.39 0.08 1.83 0.58 1.83 – 0.96
68% CR [0.37; 0.54] [0.00; −] [0.18; 3.25] [0.00; 2.07] [0.02; 2.09] – [0.56; 1.54]
95% CR [0.34; 0.69] [0.00; −] [0.16; 3.34] [0.00; 2.10] [0.00; 2.13] – [0.44; 1.83]
|ρA| lower > 1.8 > 0 > 0.9 > 0 (0.9) > 0 > 3.4 > 2.3
upper < 3.9 – < 7.7 < 6.1 (8.6) < 5.5 < 10.9 < 4.8
MM = PV
B → K∗pi B → Kρ B → K∗η B → K∗η′ B → Kφ B → Kω
ξA3
BFP 0.89 0.78 2.74 0.48 0.50 2.7
68% CR [0.75; 1.40] [0.39; 1.55] [0.71; 3.77] [0.02; 7.84] [0.40; 2.41] [0.63; 2.88]
95% CR [0.69; 1.56] [0.16; 2.18] [0.64; 5.06] [0.02; 8.41] [0.32; 2.54] [0.57; 2.88]
|ρA| lower > 1.4 > 0.8 > 1.1 > 0 > 0.8 > 1.3
upper < 3.4 < 3.4 < 4.4 < 6.1 < 3.6 < 4.3
MM = V V
B → K∗ρ B → K∗φ Bs → K∗φ B → K∗K∗ Bs → K∗K∗ Bs → φφ B → K∗ω
ξA3
BFP 1.33 0.38 1.53 1.84 3.01 0.50 0.91
68% CR [0.84; 1.94] [0.31; 0.43] [0.30; 2.05] [0.85; 2.68] [1.94; 3.79] [0.49; 1.11] [0.20; 1.39]
95% CR [0.56; 2.33] [0.25; 0.50] [0.10; 2.15] [0.09; 2.90] [0.96; 4.17] [0.41; 1.38] [0.09; 1.46]
|ρA| lower > 1.0 > 0.6 > 0.3 > 1.2 > 1.6 > 0.7 > 0.3
upper < 2.9 < 1.8 < 3.2 < 3.0 < 3.6 < 2.3 < 2.4
TABLE IV: Compilation of the power suppressed ratio ξA3 at the best-fit point (BFP) and in the 68% and 95% CRs,
as well as lower and upper bounds on the fit parameter |ρA| in the 68% CR for all relevant decay systems. For
B → (Kpi, K∗pi, Kρ, K∗ρ), values correspond to the fit with the observable Set II. The pure WA decay
B0 → K+K− is not included in the decay system B → KK and ρA-bounds are given separately in parenthesis.
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FIG. 1: The 68% (dark) and 95% (bright) CRs of ρM1M2A from a fit of observables in the (B → Kpi)-system in (a)
Set I and (b) Set II, and for comparison in the (c) (Bs → Kpi)-system. Allowed regions are shown for B and Rn,c
(blue), C and ∆C (green) and their combination (red). The dashed lines correspond to constant
ξA3 = (0.25, 0.5, 1.0) from left to right.
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MaMb Kpi K
∗pi Kρ K∗ρ
set SI SII SI SII SI SII SI SII
p value 0.44 0.04 0.95 0.90 1 1 1 0.97
best-fit point 3.39; 2.73 3.34; 2.71 1.79; 5.85 1.61; 5.84 2.57; 2.79 2.69; 2.68 2.31; 2.74 1.56; 5.66
B(B¯0 →M0aM0b ) +0.3σ – −0.3σ – 0.0σ – 0.0σ –
B(B¯0 →M−a M+b ) 0.0σ – 0.0σ – 0.0σ – +0.3σ +0.1σ
B(B− →M−a M0b ) 0.0σ – +0.6σ – 0.0σ – 0.0σ –
B(B− →M0aM−b ) 0.0σ +0.2σ 0.0σ +0.1σ 0.0σ +0.1σ 0.0σ –
RBc – – – – – – – −0.5σ
RBn – −1.9σ – +0.6σ – 0.0σ – +0.6σ
RMac – 0.0σ – +0.8σ – +0.7σ – −0.8σ
R
Mb
c – +0.9σ – 0.0σ – −0.2σ – –
C(B¯0 →M0aM0b ) 0.0σ 0.0σ +0.5σ +0.4σ 0.0σ 0.0σ 0.0σ 0.0σ
C(B¯0 →M−a M+b ) +0.7σ +0.1σ +0.1σ +0.1σ 0.0σ +0.1σ +0.5σ +0.6σ
C(B− →M−a M0b ) −2.1σ – 0.0σ – 0.0σ – +0.3σ –
C(B− →M0aM−b ) +1.0σ +1.0σ +0.9σ +1.0σ +0.7σ +0.7σ +0.1σ 0.0σ
∆C – −2.8σ – −0.1σ – 0.0σ – 0.0σ
fL(B¯
0 →M0aM0b ) – – – – – – 0.0σ 0.0σ
fL(B¯
0 →M−a M+b ) – – – – – – −0.6σ −0.5σ
fL(B
− →M−a M0b ) – – – – – – +0.7σ +0.9σ
fL(B
− →M0aM−b ) – – – – – – 0.0σ 0.0σ
TABLE V: Compilation of p values and pulls of the SM fit, evaluated at the best-fit point of ρMaMbA for the two
different sets of observables Set I and Set II for the decays B → Kpi, K∗pi, Kρ, K∗ρ.
As shown in Tab. V, the p values at the best-fit
points of the fits of Set I and Set II are very different:
0.44 versus 0.04, respectively. The reason are large pull
values of composed observables in Set II at the best-
fit point: −2.8σ for ∆C(Kpi) and −1.9σ for RBn (Kpi),
compared to Set I: −2.1σ for C(B− → K−pi0), showing
the importance and complementarity of composed ob-
servables. The large pull values in CP asymmetries arise
from the higher statistical weight of the preciselier mea-
sured branching fractions in their combined fit, reflecting
the “∆ACP puzzle” in the B → Kpi sytem. The individ-
ual pull values of C(B− → K−pi0) and C(B¯0 → K−pi+)
in Set I add up to the large pull of ∆C(Kpi) in Set II.
In the following we will elaborate on the constraints
posed by individual observables. For example, the gen-
eral shape of the contour of branching fractions can be
easily understood as follows: The leading contribution of
the decay amplitude αˆc4(Kpi) = α
c
4(Kpi)+β
c
3(Kpi) is given
as the sum of the QCD-penguin and the ρA-dependent
WA amplitudes αc4 and β
c
3, respectively. The experimen-
tal measurement of the branching fraction restricts αˆc4 to
a circle in its imaginary plane
√
B ' λ(s)c FB→pi0 fK
∣∣αˆc4∣∣ (1 +O(ri)) (IV.2)
where the ri = (rT, r
C
T, rEW, r
C
EW, r
A
EW)’s [15] are nu-
merically small, mode-dependent corrections, normalized
to αˆc4. Consequently, β
c
3(ρ
2
A, ρA) can interfere construc-
tively or destructively with αc4 depending on the phase of
ρKpiA . For φ
Kpi
A ∼ 0, pi, the WA contribution is mainly real
and contributes constructively to αc4. However, the con-
tributions to βc3 that are linear and quadratic in ρA also
interfere with each other either constructively (φKpiA ∼ 0)
leading to small |ρKpiA | ∼ 2.0 or destructively (φKpiA ∼ pi),
leading to larger |ρKpiA | ∼ 3.4. On the other hand, large
values |ρKpiA | ∼ 6.0 are required for φKpiA ∼ pi/2, (3pi/2)
where βc3 becomes purely imaginary and interferes de-
structively with αc4. In summary, the four branching frac-
tion measurements in Set I of the B → Kpi system can
be described by a single universal ρA and by themselves
they do not exclude any value of the phase and allow up
to |ρKpiA | . 6.
Whereas the branching fractions fix the modulus of
αˆc4 = |αˆc4| exp(i φˆc4) , (IV.3)
the ratios of branching fractions (see Eq. (II.15)) depend
strongly on the real part of αˆc4, i.e., are sensitive to the
phase φˆc4
RB,K,pic,n ' 1 + cos φˆc4
∑
i
ciRe(ri) + . . . (IV.4)
Here the ci denote proportionality factors and terms
proportional to Im(ri) are denoted by dots. The lat-
ter become numerically important only in the vicinity
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of φˆc4 ∼ pi/2, (3pi/2), and are fully included in the fits.
Hence these ratios are sensitive to flips of φˆc4 by pi. As can
be seen in Fig. 1b, the data disfavors and excludes to a
large extent the scenario of large WA when using observ-
able Set II, i.e., purely imaginary βc3 that would interfere
destructively with αc4. There is no need for anomalously
large WA contributions to describe B → Kpi data of
branching fractions and their ratios in QCDF within the
SM. Moreover, at 68% probability the largest portion of
allowed ρKpiA parameter space is within ξ
A
3 (Kpi) < 0.5.
We provide also separately the constraints from direct
CP asymmetries. In QCDF the strong phase, necessary
for CP violation, arises at O(αs), respectively O(1/mb),
and is thus included only to leading order in our numeri-
cal evaluations. Currently, CP asymmetries with neutral
kaons in the final state are measured to be small with
large errors, whereas the ones with charged kaons are
observed to be large and with a relative opposite sign.
For the latter decays, the leading terms to the CP asym-
metries are from color-allowed, rT, and color-suppressed,
rCT, penguin-to-tree ratios [15],
C(B− → K−pi0) ≈ 2 Im(rT + rCT) sin γ
= (−4.0± 2.1)% ,
C(B¯0 → K−pi+) ≈ 2 Im(rT) sin γ
= (+8.2± 0.6)% ,
(IV.5)
where the measured values are taken from [19], and γ
denotes the angle of the CKM unitarity triangle. Their
difference is dominated by the color-suppressed tree am-
plitude
∆C ' 2 Im(rCT) sin γ ' (−12.2± 2.2)% . (IV.6)
In QCDF, one has
Im(rT) ∝ −Re(α1)|αˆc4|
sin φˆc4 +
Im(α1)
|αˆc4|
cos φˆc4 ,
Im(rCT) ∝ −
Re(α2)
|αˆc4|
sin φˆc4 +
Im(α2)
|αˆc4|
cos φˆc4 ,
(IV.7)
where αˆc4 depends on ρA. The numerical values for
100 · α1|αˆc4|
≈ −17.4+1.0−0.9 − i 0.4+0.6−0.5 ,
100 · α2|αˆc4|
≈ −5.8+1.1−3.4 + i 1.5+0.3−0.5 − 2.1+0.3−1.2 ρKpiH ,
(IV.8)
hold for the central values as well as the variation of
theory parameters and ρKpiA at the best-fit point of Set
II listed in Tab. V. We kept explicitly the dependence
of rCT on the HS parameter ρ
Kpi
H , which is numerically
irrelevant for rT. It can be seen that r
C
T can be enhanced
if Re(ρKpiH ) > 0 and Im(ρ
Kpi
H ) < 0 — see later discussion
concerning Fig. 2a.
The allowed regions obtained from a fit of only CP
asymmetries in Fig. 1a and Fig. 1b (shown in green)
are similar for Set I and Set II. The best-fit point is at
ρKpiA ≈ 4.1 exp(i 1.8), along the branch of φKpiA ∼ pi/2
that gives rise to strong cancellations in destructive in-
terference of αc4 and β
c
3 and leads to large theoretical
uncertainties, which in turn allows for good agreement
with the data. Apart from the fact that branching frac-
tion measurements would become incompatible at more
than 30σ, neglected higher order perturbative and power
corrections would become important in these regions of
parameter space putting into doubt the reliability of the
prediction. However, there are substantial parts of the
68% CRs with ξA(Kpi) < 0.5 and the size of WA contri-
butions can be as low as 0.25, for which these comments
do not apply.
The very same figures (Fig. 1a and Fig. 1b) show
also that there is no or hardly any overlap at 95% prob-
ability of the allowed regions from branching fractions
(blue) and those from CP asymmetries (green). In our
approach, the so-called “∆ACP puzzle” manifests itself
only in the combined fit of branching fractions and CP
asymmetries, where then large pull values arise for ∆C
(Set II), or equivalently also C(B− → K−pi0) (Set I).
These pull values are shown in Tab. V and caused by the
higher statistical weight of the branching fraction mea-
surements. So one might wonder, how previous QCDF
analyses, for example [15, 54], arrived at a “∆ACP puz-
zle” based on the conventional approach, where ρA is
varied independently for each observable? The answer is
rather simple: there the uncertainty of an observable is
determined by the spread of values obtained in a scan of
ρA with |ρKpiA | ≈ 1 and arbitrary phase φKpiA . Moreover,
the central value of the observable is usually assigned
by definition to φKpiA = 0. This corresponds in Fig. 1a
and Fig. 1b to a line of constant |ρKpiA | = 1, which yields
only consistent results for branching fractions, but never
for the combination of CP-asymmetries, i.e. those CP
asymmetries which dominate statistically over the ones
with large experimental errors. In the conventional ap-
proach there will be no “∆ACP puzzle” once larger val-
ues of |ρKpiA | . 2 and a fine stepsize for the variation of
φKpiA are permitted in the scan, implying of course larger
ξA(Kpi) . 0.5 and increased theoretical uncertainties.
We note that C(B− → K0pi−) almost vanishes in QCDF
and even in the presence of large power corrections it
is difficult to increase the predictions beyond 1%, such
that the current pull of 1σ (see Tab. V) can hardly be
reduced. We emphasize again the different assumptions
underlying our approach, i.e., WA parameters are uni-
versal among decays related by (u↔ d) quark exchange,
but need not be small and are determined from data, con-
trary to the conventional approach, i.e., WA parameters
are scanned over a rather small range and the resulting
errors correspond to non-universal parameters.
The results of the combined fit of branching fractions
and CP asymmetries had been already discussed at the
beginning of this section. Whereas CP asymmetries in-
volved in the “∆ACP puzzle” exhibit larger pull values
for both sets of observables Set I and Set II, predictions of
branching fractions are in good agreement with the cor-
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FIG. 2: The 68% (dark) and 95% (bright) CRs of ρKpiH (upper left) and ρ
Kpi
A (upper right), obtained from a fit with
partial (see text) observable Set II for B → Kpi decays, treating ρKpiH either as a fit parameter (purple) or nuisance
parameter as described in App. B 1 (brown). The dashed lines correspond to constant
ξH2 (Kpi) = (0.25, 0.5, 0.75, 1.0) and ξ
A
3 (Kpi) = (0.25, 0.5, 1.0), respectively. The lower panels show the predictions
for C(Bd → K0pi0) (left) and C(Bs → K0pi0) (right). The available experimental results are shown with 1σ errors
and a prediction from QCDF with the conventional uncertainty estimate is labeled “conv. QCDF”. The 68%
credibility intervals for the predictions are given on the top of both panels for conventional ρH (brown) and in
brackets for fitted ρH (purple).
responding measurements, in part also due to large form
factor uncertainties. The latter parametric dependence
cancels to a large extent in ratios of branching fractions
and yields a large pull value of −1.9σ for RBn (Kpi) in
Set II, which contributes also to the problematic p value
of 0.04. In a fit of Set II without CP asymmetries we ob-
tain pull values of −1.2σ for RBn (Kpi), 0.4σ for RKc (Kpi)
and 0.6σ for Rpic (Kpi), which can be compared to the pull
in Tab. V when including CP asymmetries. This can be
also seen in Fig. 1b where the solution of the combined fit
(red) at ρA ∼ 3.3 exp(2.7 i) does neither overlap with the
68% CRs from B/Rn,c (blue) nor from C/∆C (green).
Finally, we explore in more detail the discrepancy
in ∆C, departing from the conventional error estimate
of power corrections of HS contributions that had been
used until now, see App. A. As previously mentioned in
Eq. (IV.6), the color-suppressed tree amplitude αu2 de-
termines the magnitude of rCT ∝ |λ(s)u /λ(s)c |αu2/αˆc4. Pos-
sible large NNLO corrections might relax the tension in
the case of destructive interference to the real and con-
structive interference to the imaginary part. For pipi-
final states, however, such NNLO vertex corrections are
cancelled by the NLO HS corrections [44–46, 50], which
might not necessarily takes place to the same extent in
Kpi final states. Nevertheless, in the following we will as-
sume no large perturbative higher order corrections and
fit instead the phenomenological parameter ρKpiH in addi-
tion to ρKpiA . We point out that ∆C depends on the sum
α2,I + α
tw−2
2,II + α
tw−3
2,II (ρH) + β2(ρ
i
A), where β2 is domi-
nated by building block Ai1 and the corresponding WA
parameter ρiA — see Eq. (III.6). The contribution of β2 is
always much smaller than αtw−32,II unless ρH  ρiA. Hence
we prefer to fit ρH and assume ρ
i
A = ρA, the common
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WA parameter of all building blocks Ai,f1,2,3. Only for a
rather large ρiA & 4 will the β2 contribution be compara-
ble to the theory uncertainties of the leading amplitudes
in ∆C.
The results of a fit to the partial observable Set II
for the parameters ρKpiH and ρ
Kpi
A is shown in purple in
Fig. 2a and Fig. 2b, respectively. We have removed the
CP asymmetry C(Bd → K0pi0) that is very sensitive to
HS, but its current measurement does not provide any
constraints, making it an ideal candidate for a predic-
tion. In contrast, RBn (Kpi) is not very sensitive to HS,
but its large pull value would force ρKpiH to large values,
which might not be necessary to explain ∆C. For com-
parison we depict as brown contours also the ones from
Fig. 1b and provide contour lines of constant ξH2 (Kpi)
and ξA3 (Kpi).
We find that the prediction of ∆C = −0.11+0.04−0.02
at the best-fit point ρKpiH = 3.3 exp(3.7 i) coincides,
within experimental uncertainties, with the measurement
Eq. (IV.6). The preferred phase of φKpiH ∼ (3pi/2) im-
plies that HS contributions to αu2 (Kpi) are mainly imagi-
nary and interfere constructively with the imaginary part
of the vertex corrections. At the best-fit point, all ob-
servables have zero pull values except for a 0.8σ pull in
C(B− → K¯0pi−) and RBn which had been discarded from
the fit.
As can be seen in Fig. 2a, the contours of constant
ξH2 (Kpi) exhibit a different dependence on ρ
Kpi
H as com-
pared to ξA3 for ρ
Kpi
A . Already in the conventional ap-
proach (|ρKpiH | = 1.0), ξH2 (Kpi) = 1 is admitted in es-
timates of theoretical uncertainties, which is a remnant
artefact of the parametrization XH ∼ (1 + ρKpiH ). In
the fit this contour line lies within the 95% CR for
1.8 . |ρKpiH | . 2.8 and for the smallest |ρKpiH | = 1.8 at
φKpiH = 4.6, the pull of ∆C decreases, to −1.0σ, compared
to 2.8σ in the SM. Concerning the WA corrections shown
in Fig. 2b, |ρKpiA | is shifted towards lower values compared
to Fig. 1b, which allows also for smaller ξA3 (Kpi). The fit
shows that these lower values of |ρKpiA | are correlated with
large values of |ρKpiH |.
Assuming that HS corrections are in fact respon-
sible for the observed discrepancy in ∆C, similar ef-
fects should be observed for related decays, as for ex-
ample in CP asymmetries Bd → K0pi0 and analogously
Bs → K0pi0. In the latter decay, such effects should be
enhanced due to a different hierarchy of CKM elements
|λ(s)u /λ(s)c |  |λ(d)u /λ(d)c |. The predictions of both CP
asymmetries are shown in Fig. 2c and Fig. 2d, respec-
tively, with color coding as in Fig. 2a and Fig. 2b. Once
measured, respectively measured with higher precision,
both will allow to test the assumption of large HS con-
tributions to Bd,s → Kpi decays
C(Bd → K0pi0)fit ρH = +0.14+0.06−0.05 ,
C(Bd → K0pi0)scan ρH ∈ [−0.04, 0.04] ,
(IV.9)
and
C(Bs → K0pi0)fit ρH = −0.70+0.20−0.19 ,
C(Bs → K0pi0)scan ρH ∈ [−0.17, 0.48] .
(IV.10)
The predictions labeled “fit ρH” and “scan ρH” are
shown in purple and brown respectively, whereas the
QCDF prediction for the conventional approach (with
scanned ρA) are labeled “QCDF” in Fig. 2c and Fig. 2d.
At the current stage, the measurement of C(Bd → K0pi0)
prefers smaller HS contributions although the uncer-
tainty is still too large to draw a definite conclusion.
A similar analysis of enhanced HS contributions [55]
has found a best-fit point at ρKpiH = 4.9 exp(4.9 i). Bear-
ing in mind that different numerical input, e.g. λB = 0.35
GeV, has been used, their result lies in the ballpark of
our 68% CR. The very recent work [56] also deals with
fits of WA and HS parameters ρA,H in B → PP decays
(PP = pipi, Kpi, KK) in the SM in the framework of
QCDF. In our study one ρM1M2A is considered for each
of the three decay systems separately. Instead, in [56]
one ρA for building block A
f
3 (see Eq. (III.6)), ρ
f
A, and
one for building blocks Ai1 ≈ Ai2, ρiA, are used simulta-
neously, neglecting thus SU(3)-breaking corrections for
all three b → d and b → s decay systems. Also in this
case one finds that ρfA is rather strongly constrained with
two solutions similar to the ones shown in Fig. 1. Con-
cerning ρH , similar regions are found as in our Fig. 2a in
scenario III of [56].
B. Results for B → Kρ, K∗pi, K∗ρ
In this section we discuss decay systems obtained
from the replacement of a pseudoscalar in B → Kpi by
its vector meson equivalent pi ↔ ρ and K ↔ K∗. Indeed,
QCDF implies some qualitative differences when chang-
ing the spin of the final state particles, but since the
parametrization of the decay amplitudes of all four de-
cay systems is equal, one might expect the discussed fea-
tures of the B → Kpi system to appear also in B → K∗pi
(PV ), B → Kρ (V P ) 3 and B → K∗ρ (V V ). Currently
the experimental measurements are not as precise as for
B → Kpi, and no striking tensions are found as can be
seen from the p values and pulls of observables in Tab. V.
The allowed regions of ρM1M2A are shown in Fig. 3
for the observable Set I (upper panels) and Set II (lower
panels). As before, the 68% and 95% CRs allowed by
fits from only B/Rc,n or only C/∆C and in addition
for M1M2 = V V also only fL are color coded as blue,
3 The classification of decays into M1M2 = PV and V P refers
to the amplitude αc4(M1M2), which indeed exclusively occurs in
that combination in all decay amplitudes of both decay systems.
Nevertheless, some other αi with i 6= 4 also contain contributions
in which the pseudoscalar and vector mesons are interchanged.
15
|ρK
A
ρ|
0 1 2 3 4 5 6 7 8
ρK Aφ
0
1
2
3
4
5
6
 
=
 0
.2
5
A 3ξ
 
=
 0.
5
A
3ξ  =
 1.
0
A
3ξ
ρ K→B 
(a)
|piK*
A
ρ|
0 1 2 3 4 5 6 7 8
pi
K* Aφ
0
1
2
3
4
5
6
 
=
 0
.2
5
A 3ξ
 
=
 0
.5
A
3ξ  
=
 1
.0
A
3ξ
pi K*→B 
(b)
|ρK*
A
ρ|
0 1 2 3 4 5 6 7 8
ρ
K* Aφ
0
1
2
3
4
5
6
 
=
 0
.2
5
A 3ξ
 
=
 0
.5
A 3ξ
 
=
 1
.0
A 3ξ
ρ K*→B 
(c)
|ρK
A
ρ|
0 1 2 3 4 5 6 7 8
ρK Aφ
0
1
2
3
4
5
6
 
=
 0
.2
5
A 3ξ
 
=
 0.
5
A
3ξ  =
 1.
0
A
3ξ
ρ K→B 
(d)
|piK*
A
ρ|
0 1 2 3 4 5 6 7 8
pi
K* Aφ
0
1
2
3
4
5
6
 
=
 0
.2
5
A 3ξ
 
=
 0
.5
A
3ξ  
=
 1
.0
A
3ξ
pi K*→B 
(e)
|ρK*
A
ρ|
0 1 2 3 4 5 6 7 8
ρ
K* Aφ
0
1
2
3
4
5
6
 
=
 0
.2
5
A 3ξ
 
=
 0
.5
A 3ξ
 
=
 1
.0
A 3ξ
ρ K*→B 
(f)
FIG. 3: The 68% (dark) and 95% (bright) CRs of ρM1M2A from a fit of observables in Set I (upper) and Set II (lower)
of B → Kρ (left), B → K∗pi (middle), and B → K∗ρ (right). Allowed regions are shown for B and Rn,c (blue), C
and ∆C (green), fL (cyan) and their combination (red). The dashed lines correspond to constant
ξA3 = (0.25, 0.5, 1.0) from left to right.
green and cyan, whereas the combined regions are de-
picted in red. As in the case of B → Kpi, the com-
bined constraints on ρM1M2A from Set I and Set II observ-
ables are compatible with each other, but more strin-
gent from Set I, especially for B → Kρ and B →
K∗ρ. Remarkably, the data of all four decay systems
M1M2 = Kpi, K
∗pi, Kρ, K∗ρ prefers the same regions of
φM1M2A ∼ pi, 2pi, excluding large destructive interference
of αc4(M1M2) and β
c
3(M1M2). There is overlap at the
68% probability level for all three systems for the solu-
tion φA ∼ 2pi and at 95% probability for φA ∼ pi. This
is also supported by the data of fL in B → K∗ρ, where
the measurements of CP asymmetries are not very pre-
cise yet and otherwise no stringent constrains on ρK
∗ρ
A
could have been obtained from branching fraction mea-
surements alone.
The relative amount of power corrections to the lead-
ing contribution for PV , V P and V V final states is col-
lected in Tab. IV and indicated in Fig. 3 by contour lines
of constant ξA3 (M1M2) = 0.25, 0.5, 1.0. It is typically
larger by a factor of 2−3 compared to the PP final state
in B → Kpi, which is a qualitative feature of QCDF. The
leading QCD-penguin flavor amplitude is a linear com-
bination of the vector amplitude, a4, and the chirally
enhanced scalar QCD-penguin amplitude, a6, [5]
α4(M1M2) = a4(M1M2)± rM2χ a6(M1M2) (IV.11)
where the “+” sign applies to M1M2 = PP, PV and the
“−” sign to M1M2 = V P, V V final states. The two con-
tributions interfere destructively in the caseM1M2 = V P
leading to smaller QCD-penguin amplitudes than for
M1M2 = PP . Further, the tree level contribution to
a6(M1M2) vanishes for M2 = V , again reducing α4 in
M1M2 = PV, V V compared to M1M2 = PP giving im-
plicitly rise to larger ratios ξA3 (M1M2). Values as low as
ξA3 (Kρ) = 0.50, ξ
A
3 (K
∗pi) = 0.82 and ξA3 (K
∗ρ) = 0.93
can be reached within the 68 % CRs of Set I observables,
whereas even smaller values are allowed from Set II, see
Tab. IV. Concerning decays with K∗ in the final state,
the largish values of ξA3 are required mainly by measure-
ments of branching fractions, whereas CP asymmetries
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and polarization fractions fL would allow for smaller val-
ues of ξA3 , see Fig. 3b and Fig. 3c.
The largest pull values arise for CP asymmetries
C(B− → K¯∗0pi−) with +1.0σ and C(B− → K¯0ρ−) with
+0.7σ. As in the case of C(B− → K¯0pi−), these CP
asymmetries almost vanish in QCDF and it is difficult to
increase the predictions beyond 1%, even in the presence
of large power corrections.
The advantage of observable Set II strongly depends
on cancellation of theory uncertainties, as for example
the form factors in the ratios of branching fractions. Es-
pecially in cases where WA contributions are large com-
pared to the leading amplitude, i.e., large ξA3 , the reduc-
tion of uncertainties is less effective and there is no unam-
biguous preference for the use of either Set I nor Set II.
Furthermore, the outcome of fits of Set I and Set II might
differ depending strongly on the experimental measure-
ments. Apart from that we are not aware of a specific
reason for the qualitative differences between fits of Set I
and Set II for the B → Kpi, K∗pi systems compared to
B → Kρ, K∗ρ systems. As can be seen from Tab. V,
pull values from Set II are in general slightly larger than
from Set I.
C. Other decays and comments on B → Kω, K∗φ
We tested our assumption of universal WA also with
data listed in Tab. I, Tab. II and Tab. III for other QCD-
penguin dominated decay modes mediated by b→ (d, s)
transitions. For these decays, the analysis is restricted
to observable Set I, where in most cases the experi-
mental accuracy is poorer than for previously studied
B → Kpi, Kρ, K∗pi, K∗ρ systems. The ranges for the
ratios ξA3 (M1M2) that are required by data are listed in
Tab. IV, which have been commented previously. For
all systems, again preferred regions appear for φMaMbA ∼
pi, 2pi, and in some cases also φMaMbA ∼ pi/2, (3pi/2) is
still allowed.
The allowed regions for B → PP systems B →
KK, Kη′ and Bs → KK are shown in Fig. 4 and for
Bs → K−pi+ in Fig. 1c. We do not show B → Kη
for which the data is even less constraining. Except for
Bs → K−pi+, the measurements of CP asymmetries are
very poor and provide only little additional constraints
to the ones of branching fractions. The preferred regions
of WA contributions for Bd,s → KK look very alike sup-
porting the assumption of universal WA for Bd and Bs
decays into same final states, entertained in Sec. IV E.
In comparison, for Bd,s → Kpi (Fig. 1a and Fig. 1c) this
might not seem the case, however here one should com-
pare the result of the fit to Bd → K−pi+ only rather than
the combination of all B → Kpi decays shown in Fig. 1a
and Fig. 1b.
In Fig. 5 the allowed regions for B → V P systems
B → Kω, Kφ, K∗η are shown, whereas B → K∗η′
has been omitted due to the poor constraints from the
respective data. The measurements of branching frac-
tions provide in all three cases already appreciable con-
straints. Concerning B → Kω, no tensions are ob-
served. In case of C(B¯0 → K¯0ω0), we included the
HFAG average of the two incompatible measurements of
Belle: C = 0.36 ± 0.19 ± 0.05 [29] and BaBar: C =
−0.52+0.22−0.20 ± 0.03 [57], which differ by 2.9σ. The HFAG
value C = −0.04±0.14 [19] indeed coincides with the the-
ory prediction at the best-fit point (C = −0.02 ± 0.08).
One might hope that improved measurements at Belle
II will settle this problem. As ∆C(Kpi), this CP asym-
metry is sensitive to the analogous color-suppressed tree
amplitude αu2 (Kω) and might provide further tests of
large HS contributions, which would be clearly visible.
As in fact the largest uncertainty in the theory predic-
tion is due to ρKωH . It must be noted that although the
best-fit point at ρKωA = 4.2 exp(i 1.7) corresponds to a
large ξA3 (Kω) = 2.7, other solutions at 68% probabil-
ity with ξA3 (Kω) . 1 provide equally vanishing pulls of
observables.
Finally, the allowed regions for B → V V systems
B → K∗K∗, K∗φ, K∗ω and Bs → K∗K∗, K∗φ, φφ are
shown in Fig. 6. For MM = K∗K∗ final states the mea-
surements of branching fractions require rather large WA
contributions, contrary to the other considered V V final
states. In all cases, the polarization fractions provide
orthogonal constraints, which prefer φMaMbA ∼ pi, 2pi, ex-
cept for B → K∗K∗. For the moment measurements of
CP asymmetries are only available for B → K∗ω and
the very recent LHCb measurements for B → K∗φ [38].
They are compatible with zero and do not provide con-
straints yet since the theory predicts also rather small
values.
Concerning B → K∗φ, we include in addition also
available measurements of relative amplitude phases φ⊥,‖
(purple). The combined allowed region from all observ-
ables does not overlap with regions from only branching
fractions nor only amplitude phases at 68% probability,
giving rise to large pull values of the branching frac-
tion B(B0 → K∗0φ): 1.7σ from BaBar [36] and 2.6σ
from Belle [37]; for CL(B
− → K∗−φ) of −1.5σ from
HFAG [19]; for C⊥(B¯0 → K¯∗0φ) of 1.2σ from Belle [37],
but not for BaBar (0.2σ) and LHCb (−0.6σ); and for
φ⊥(B¯0 → K¯∗0φ) of 1.1σ from LHCb [38], but not for
BaBar and Belle (both 0.0σ). However, the p value of
0.95 of the fit is very high as we include many other mea-
surements that are described consistently in the fit.
Due to a hierarchy of the helicity amplitudes in QCDF
AL : A
− : A+ = 1 : 1/mb : 1/m2b [23] for the SM operator
basis Eq. (III.2) the following relation should hold
φ⊥ = φ‖ . (IV.12)
The experimental situation supports this within current
errors. Since the hierarchy of helicity amplitudes does not
hold in the presence of chirality-flipped operators beyond
the SM, the measurement provides strong constraints on
such scenarios. Further, QCDF predicts only small dif-
ferences for neutral and charged decay modes such that
one expects similar predictions for observables in both
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FIG. 4: The 68% (dark) and 95% (bright) CRs of ρM1M2A from a fit of observables in B → PP : (a) B → KK
(penguin dominated), (b) Bs → KK and (c) B → Kη′. Allowed regions are shown for B (blue), C (green) and their
combination (red). The dashed lines correspond to constant ξA3 = (0.25, 0.5, 1.0).
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FIG. 5: The 68% (dark) and 95% (bright) CRs of ρM1M2A from a fit of observables in B → PV : (a) B → Kω, (b)
B → Kφ and (c) B → K∗η. Allowed regions are shown for B (blue), C (green) and their combination (red). The
dashed lines correspond to constant ξA3 = (0.25, 0.5, 1.0).
modes, even in the presence of NP contributions.
D. WA dominated B → K+K− and Bs → pi+pi−
So far we discussed decays that are dominated by
QCD-penguin topologies. They share the feature that
leading WA contributions βc3(M1M2) are dominated by
the building block Af3 (see Eq. (III.6)), which originates
from gluon emission off the quark current in the final
state. Furthermore, we grouped the decays that are re-
lated by (u ↔ d)-quark exchange, and assumed for each
group one universal WA parameter ρA.
Now we are interested in decay modes that are gov-
erned solely by WA topologies. The only measured sys-
tems are so far B → K+K− and Bs → pi+pi−. Their
amplitudes are given by
A(B → K+K−) ' fBdf2K
∑
p
λ(d)p B
p
K+K− ,
A(Bs → pi+pi−) ' fBs f2pi
∑
p
λ(s)p B
p
pi+pi− ,
(IV.13)
with
BpM1M2 =
(
δpub1 + 2b
p
4 +
1
2
bp4,EW
)
. (IV.14)
Since they are independent of quantities like form factors
and the inverse moment of the B-meson DA, which cause
usually large uncertainties, the precision of the determi-
nation of ρM1M2A from the fit is mainly dictated by the ex-
perimental precision. The involved coefficients bi(M1M2)
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FIG. 6: The 68% (dark) and 95% (bright) CRs of ρM1M2A from a fit of observables in B → V V : (a) B → K∗K∗, (b)
B → K∗φ, (c) B → K∗ω and (d) Bs → K∗K∗, (e) Bs → K∗φ, (f) Bs → φφ. Allowed regions are shown for B
(blue), Ch (green), fh (cyan), φh (purple)and their combination (red). The dashed lines correspond to constant
ξA3 = (0.25, 0.5, 1.0) from left to right.
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FIG. 7: The 68% (dark) and 95% (bright) CRs for ρM1M2A obtained from the branching fraction of WA dominated
decays (a) B → K+K− and (b) Bs → pi+pi−.
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depend exclusively on the building blocks Ai1,2(M1M2)
(see Eq. (III.6)) where the gluon is emitted off the quark
current of the initial state, and are thus in principle dif-
ferent from Af3 that dominates the penguin-dominated
decays. Moreover, Ai1 ≈ Ai2 for MM = PP final states
when restricting to the asymptotic forms of the light-
meson DAs [5].
The contours of ρK
+K−
A and ρ
pi+pi−
A from the branch-
ing fraction measurement are shown in Fig. 7a and
Fig. 7b, respectively. Contrary to the penguin-dominated
decays, the shape of the contour from the branching
fractions is different, reaching large values |ρM1M2A | for
phases φM1M2A ∼ pi, whereas for φM1M2A ∼ 0 the abso-
lute value can be restricted: |ρK+K−A | ∈ [0.9, 1.9] and
|ρpi+pi−A | ∈ [3.4, 4.1] at 68% probability. While it is possi-
ble to have |ρK+K−A | . 2 for small phases, as is the case
for the previously considered penguin-dominated decays,
the data requires |ρpi+pi−A | & 3 for any value of φpi
+pi−
A ,
and indeed, the contours of ρK
+K−
A and ρ
pi+pi−
A do not
overlap within the 95% CR. Our results are in agreement
with similar fits [58].
Apart from the mismatch of WA contributions for
different initial and final states, there might be another
interesting aspect, which can be studied in these decays.
Namely, the amplitudes Eq. (IV.13) are proportional to
one overall CP conserving strong phase due to the fact
that the single amplitudes bpi (M1M2) (see Eq. (III.6))
depend on the same CP-conserving strong phase of Ai1
due to the aforementioned relation Ai1 ≈ Ai2. Hence
Eq. (IV.14) becomes
BpPP ≈
CF
N2c
Ai1
(
δpuC1 + 2(C4 + C6) +
C10 + C8
2
)
.
(IV.15)
This is contrary to the requirement of at least one rel-
ative strong phase between the CP conserving and CP
violating part of the amplitude in order to have a non-
vanishing CP asymmetry. Since QCDF predicts vanish-
ing CP asymmetries, up to even further suppressed power
corrections, no complementary information can be gained
on the phases φA apart from the one of the branching
fractions. An observation of direct CP violation would
put into question the regularization of endpoint diver-
gences Eq. (III.8) introduced in QCDF.
The measurement of other WA dominated decay
modes with PV and V V final states can help to further
scrutinize WA contributions. For example for M1M2 =
PV , one has Ai1 ≈ −Ai2 [5] yielding
BpPV ≈
CF
N2c
Ai1
(
δpuC1 + 2(C4 − C6) + C10 − C8
2
)
,
(IV.16)
whereas for MM = V V final states Ai,h1 ≈ Ai,h2 (h =
L,+,−) [23]. In the SM, the Wilson coefficients inter-
fere destructively for MM = PV and constructively in
MM = (PP, V V ) decay modes. These decays are in
principal sensitive to physics beyond the SM in O1 and
the color-octet operators O4,6,8,10.
E. Universal WA for Bd and Bs decays to same
final states
So far, we have assumed one universal parameter
for WA contributions of QCD-penguin dominated decays
that are related by (u ↔ d)-quark exchange, i.e., those
groups of decays gathered in Tab. I, Tab. II and Tab. III.
For the purpose of this section, we will study effects which
arise from the additional assumption of a universal WA
parameter ρA for decays into same final states mediated
by the same quark currents at the weak interaction ver-
tex. This implies in general relations between |∆S| = 1
and |∆D| = 1 decays.
In QCDF this assumption might be justified bearing
in mind that WA contributions in QCD-penguin dom-
inated decay amplitudes are numerically dominated by
topologies in which the gluon is emitted from the quark
current that hadronizes into the final states, namely Af3
in Eq. (III.6). In this case the momentum transfer from
the initial B meson is solely present at the weak interac-
tion vertex, rendering the final-state hadronization inde-
pendent of the flavor of the initial-state spectator quark.
Therefore, one can expect that the difference between
WA amplitudes in Bd →MaMb and Bs →MaMb decays
might be of the order ∼ (mBs − mBd)/mBs ≈ ms/mb.
Similar arguments had been presented for the decays
Bd → K+pi− and Bs → K+pi− in [59].
Currently experimental information is limited for Bs
decays to final states MaMb = Kpi, KK, K
∗φ, K∗K∗,
whereas for MaMb = φφ the corresponding measure-
ments for the Bd is lacking. We do not consider Bs →
pi+pi−, which is WA-dominated and was discussed in
Sec. IV D, and further the corresponding Bd → pi+pi−
decay is tree-dominated. For Bd,s → KK, the 68% CRs
overlap nicely as can be seen from the comparison of
Fig. 4a and Fig. 4b. In the case of Bd,s → K∗K∗,
branching-fraction measurements are compatible, but re-
gions from polarization-fraction measurements that are
favored for Bd decays are excluded for Bs decays as
shown in Fig. 6a and Fig. 6d. In consequence, 68% CRs
in Bd,s → K∗K∗ overlap only marginally.
This leaves us mainly with the final state system Kpi
to explore in more detail the consequences of the assump-
tion of universal WA in decays with same final states,
since for K∗φ the experimental information for the Bs
decay is not yet accurate enough to derive conclusive in-
sights on this assumption. Especially we would like to
test whether the CP asymmetry C(Bs → K+pi−), which
had been measured recently by CDF [60] and LHCb [61],
can be predicted correctly from WA contributions deter-
mined in B → Kpi decays.
As discussed before in Sec. IV A, the fit for B → Kpi
does not allow for a simultaneous explanation of the two
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FIG. 8: The 68% (dark) and 95% (bright) CRs for ρKpiA (left), obtained from a fit with the reduced observable set for
B− → K−pi0 (brown) and Bd → K+pi− (purple) (see text) assuming the SM. The dashed lines correspond to
constant ξA3 (Kpi) = (0.25, 0.5, 1.0). The right panel shows the predictions for the direct CP asymmetry
C(Bs → K+pi−) for the two fit regions of ρKpiA in the left panel using the same color-coding. Experimental results are
shown with 1σ errors and the prediction from QCDF with conventional uncertainty estimates is labeled “QCDF”.
CP asymmetries C(B− → K−pi0) and C(B¯0 → K−pi+).
For this purpose we determine ρKpiA separately from the
combination of the branching fraction and CP asymme-
try for each of the two contradicting decays. In addition
we used RKc (Kpi) to suppress solutions from the large
WA scenario. The best-fit regions of ρKpiA are shown in
Fig. 8a where the contour from B¯0 → K−pi+ coincides
nicely with the one in Fig. 1b, where all constraints had
been combined, due to the higher statistical weight of
C(B¯0 → K−pi+). We note that |ρKpiA | > 1 does originate
from the precise measurement of C(B¯0 → K−pi+), con-
trary to C(B− → K−pi0) that allows also smaller values
of |ρKpiA | as can be seen in Fig. 8a.
Based on our assumption, we predict from both fits
the CP asymmetry C(Bs → K+pi−), see App. B 4 for
details. As shown in Fig. 8b, the measurements agree
with the prediction from the (K−pi+)-fit whereas it fails
at more than 4σ for the (K−pi0)-fit. In this case data
supports the assumption that WA might be universal for
decays with the same final states. It will be interesting
to test these assumption further against improved mea-
surements in the future. On the other hand this result
shows that giving up the universality of the WA parame-
ter for final states related by (u↔ d) exchange, but still
insisting on a universal parameter for same final states
would also resolve the “∆ACP puzzle”.
V. NEW PHYSICS SCENARIOS
In the framework of the SM, our analysis in the
previous Sec. IV has shown that the data of all in-
vestigated systems can be described with one universal
WA parameter per system of decays that are related by
(u ↔ d) quark exchange, apart from stronger tensions
in B → Kpi and in B → K∗φ. This section is devoted
to the attempt to constrain new-physics parameters in
fits of the data simultaneously with the determination of
one universal WA parameter per system using data from
B → Kpi, Kρ, K∗pi, K∗ρ, and K∗φ, i.e., in total five WA
parameters ρMaMbA . In the presence of additional degrees
of freedom of the NP parameters, one can expect that
tensions present in the SM fit will be relaxed and the
size of power corrections (ξA3 ) can be decreased further.
We choose a model-independent approach, assum-
ing NP contributions to Wilson coefficients of operators
present in the SM operator basis Eq. (III.1) and their
chirality-flipped counterparts obtained by (1 − γ5) ↔
(1+γ5) interchange. The B →M1M2 matrix elements of
the chirality-flipped operators can be obtained from the
non-flipped ones via parity transformations [62]
〈M1M2|O′i|B〉 = −ηM1M2〈M1M2|O′i|B〉 (V.1)
with ηM1M2 = +1 for M1M2 = PP, V V final states and
ηM1M2 = −1 for M1M2 = PV, V P final states. In this
case b′i(M1M2) = bi(M1M2)[Ci → C ′i], see Eq. (III.6),
and analogous relations hold for a′i(M1M2). In the case of
positive/negative polarized final states, form factors and
decay amplitudes have to be replaced by their helicity-
flipped counterpart e.g., F± ↔ F∓ and A±(M1M2) ↔
A∓(M1M2).
In Sec. V A we explore new physics contributions to
the Wilson coefficients of color-singlet QED-penguin Wil-
son coefficients C7,9 and their chirality-flipped counter-
parts C ′7,9. They are well-known solutions of the “∆ACP
puzzle” in B → Kpi [63, 64] and here we further inves-
tigate the compatibility of such NP contributions with
data of the four other aforementioned decay systems.
As a second model-independent scenario we consider NP
contributions in the Wilson coefficients of the tree-level
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b→ s u¯u operators in Sec. V B. In the SM, they are dou-
bly Cabibbo-suppressed ∼ λ(s)u /λ(s)c in all CP-averaged
observables in b→ s transitions, but give leading contri-
butions to CP asymmetries. The investigation of further
scenarios that involve also complementary constraints
from exclusive b→ s (γ, ¯`` ) decays are given in [65].
A. NP in QED penguins
The QED-penguin operators O7,...,10, see Eq. (III.1),
and their chirality-flipped counterparts O′7,...,10 are
isospin-violating. Compared to the SM, NP contribu-
tions can relax the encountered tensions in ∆C(Kpi) and
RBn (Kpi) and here we combine B → Kpi data with ad-
ditional measurements from the aforementioned decay
systems. We will focus on the color-singlet operators
i = 7, 7′, 9, 9′ since the matching contributions to Wilson
coefficients of the color-octet operators i = 8, 8′, 10, 10′
are suppressed by the strong coupling αs. Moreover, in
the SM the chirality structure yields very small C7 and
large C9, which must not be the case for NP scenarios.
Depending on the final state, the two linear combinations
Ci ≡ (Ci + C ′i) and ∆Ci ≡ (Ci − C ′i) can be tested in
MM = PV and MM = PP, VLVL, respectively.
We introduce NP contributions to the Wilson coef-
ficients at the matching scale µ0 = MW that we set to
the mass of the W -boson and for practical purposes we
rescale them with the SM value CSM9 (µ0) = −1.01αe
Ci(µ0) = C
SM
i (µ0) + |CSM9 (µ0)| Ci (V.2)
for i = 7, 7′, 9, 9′. We consider several sub-scenarios
• single operator dominance
Sc−i : Ci 6= 0 and Cj 6=i = 0 for i = 7, 7′, 9, 9′
• parity (anti-)symmetric scenario
Sc−77′ : C7,7′ 6= 0 and C9,9′ = 0
Sc−99′ : C9,9′ 6= 0 and C7,7′ = 0
• (axial-)vector coupling scenario
Sc−79 : C7,9 6= 0 and C7′,9′ = 0
Sc−7′9′ : C7′,9′ 6= 0 and C7,9 = 0
• generic scenario
Sc−77′99′ : Ci 6= 0
with complex-valued Ci. Although we introduce a NP pa-
rameterization at the matching scale, RG evolution will
not lead to mixing of QED penguin operators into QCD
and tree-level operators i = 1, . . . , 6 at the order con-
sidered here. Thus NP contributions will not modify the
leading amplitude αˆc4, but only α
p
3(4),EW and the WA am-
plitudes βp3(4),EW. Consequently, branching fractions will
become modified only slightly, whereas CP asymmetries
can deviate substantially from their SM predictions for
nonzero CP violating phases.
As long as NP contributions do not become very large
compared to αˆc4 one might still employ the expansion in
small mode-dependent ratios
ri = ri,SM +
∑
j
ri,j Cj , (V.3)
see Eq. (IV.2), in which the NP contributions ri depend
linearly on the complex NP parameters Cj ≡ |Cj |eiδj . In
particular [15]
C(B− → K¯0pi−) '
∑
j=7,9
Im
(
2
3
rCEW,j −
4
3
rAEW,j
)
Im Cj ,
∆C −∆CSM '
∑
j=7,9
Im
(−2rEW,j − 2rAEW,j) Im Cj .
(V.4)
Numerically one has approximately
Im(ri,j)× 102 j = 7 j = 9
i = EW 2.0+0.7−0.8 −2.0+0.8−0.7
i = EW,C −1.7+0.6−0.5 0.3+1.2−1.2
i = EW,A (ρfitA ) 6.5
+0.5
−0.5 −0.06± 0.04
i = EW,A (ρscanA ) 0.8
+5.4
−7.4 0.1
+0.9
−0.9
(V.5)
in which we used the best-fit point of ρKpiA that was
obtained from the SM fit with Set II in the case of
i ∈ (EW; EW,C) and no variation of φKpiA is included
in the determination of theory uncertainties. The case
of rAEW,j is more involved due to the explicit dependence
on the WA parameter and we provide two points: i) for
ρKpiA obtained from the SM fit as above, denoted as ρ
fit
A
in Eq. (V.5) and ii) for φKpiA = 0, denoted as ρ
scan
A in
Eq. (V.5), as usually chosen in conventional QCDF as
central value including the variation of φKpiA into the er-
ror estimation. Several observations can be made:
1. Given that Im C7,9 ∼ O(1), the numerical coeffi-
cients imply that the total amount of CP violation
from ri,j of i ∈ (EW; EW,C) does not exceed 3.5%,
whereas rCEW,9 is numerically negligible.
2. An accidental cancellation can be observed in
(rEW,7 + r
C
EW,7) as well as in (rEW,7 + rEW,9) if
Im C7 ≈ Im C9.
3. The amount of CP violation from Im C9 to rAEW can
be neglected in both cases i) and ii), whereas the
contribution of Im C7 can indeed become large.
4. Since the measurement of C(B− → K¯0pi−) =
(1.5± 1.9)% is rather accurate, it forbids too large
CP-violating contributions from Im C7 if ρA is fit-
ted.
We start the discussion of our results with the con-
frontation of our procedure of fitting simultaneously NP
and WA parameters, with the conventional QCDF ap-
proach, where only NP parameters are fitted and WA
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Re(C(′)i ) Im(C(′)i ) ∆C(Kpi) RBn (Kpi) CL(K∗−φ) B(K¯∗0φ) fL(K∗−ρ0) RBn (K∗pi) RBn (K∗ρ) ∆χ2(SM)
SM −2.8σ −1.9σ −1.5σ 1.7/2.6σ 0.9σ 0.6σ 0.6σ
Sc−7 1.01, −0.04 −0.7σ −0.8σ −1.6σ 0.3/1.2σ 1.0σ 0.0σ 1.1σ 18.7
Sc−7′ −0.95, 0.02 −0.8σ −0.8σ −1.6σ 1.2/2.1σ 1.2σ 0.0σ 0.9σ 12.8
Sc−9 0.28, 0.19 −2.7σ 0.0σ −1.3σ 1.7/2.6σ 1.0σ 1.1σ 0.7σ 1.5
Sc−9′ −0.40, −0.27 −2.6σ 0.0σ −1.2σ 1.6/2.5σ 1.1σ 0.0σ 0.6σ 3.6
Sc−77′ 1.94, 0.12 0.0σ 0.0σ −1.5σ 0.0/0.0σ 0.8σ 0.3σ 1.6σ 23.9
−1.65, 0.03
Sc−99′ −0.05, 2.15 −2.2σ 0.0σ −0.6σ 1.6/2.5σ 0.9σ 1.6σ 0.7σ 9.7
−0.42, 1.64
Sc−79 1.02, −0.02 −0.9σ −0.6σ −1.6σ 0.3/1.2σ 0.9σ 0.0σ 1.2σ 19.0
0.06, 0.13
Sc−7′9′ −1.75, −0.02 −0.4σ 0.3σ −1.6σ 0.0/0.3σ 2.3σ 1.0σ 1.6σ 18.0
−0.93, 0.28
Sc−77′99′
1.61, 0.24
−0.1σ 0.0σ −1.2σ 0.0/0.0σ 0.6σ 0.7σ 1.5σ 31.2−0.87, 0.11
0.31, 1.65
−0.60, 1.59
TABLE VI: Compilation of best-fit points and pull values with |δ| ≥ 1.6 for the model-independent fits of scenarios
with NP in QED-penguin operators. C(K¯∗0φ) and B(K¯∗0φ) are for experimental values [37].
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FIG. 9: The 68% (dark) and 95% (bright) CRs for C7 in
scenario Sc−7, obtained from a fit of observable Set II
of the B → Kpi system when treating ρKpiA either as a fit
parameter (cyan) or as a nuisance parameter (red).
parameters are treated as nuisance parameters. As an
example, Fig. 9 provides the allowed regions of Re C7 ver-
sus Im C7 in the scenario Sc−7 from the observable Set II
of the B → Kpi system. We emphasize again that both
fits underly very different assumptions, in fact treating
ρKpiA as a nuisance parameter implies that it can be dif-
ferent for each decay as well as each observable, whereas
fitting it imposes one universal parameter for all observ-
ables in the B → Kpi system. It can be seen that both
approaches yield rather different results that overlap only
for a very small part of the considered parameter space.
The contour from conventional QCDF (red) allows Im C7
to be rather large and even its sign is not dictated by the
data. Contrary to that the corresponding contour that
we obtain from a simultaneous fit of NP and WA pa-
rameters (cyan) becomes strongly constrained and fixes
C7 to be almost purely real. The different outcomes due
to the two treatments of ρA originate from r
A
EW,7, which
is in both cases the leading NP contribution to ∆C and
C(B− → K¯0pi−) in Eq. (V.4). However, for case ii),
rAEW,7 is assigned with an approximately vanishing cen-
tral value and huge symmetric uncertainties, whereas for
i) the central value of rAEW,7 is large and uncertainties are
small. The former implies that both CP asymmetries in
Eq. (V.4) can be explained simultaneously due to large
uncertainties, which depend linearly on Im C7 and enter
the determination of the individual observables uncorre-
lated. The latter case however implies that a significant
modification of one of the two CP asymmetries inevitably
induces a similar large contribution to the other. Since
C(B− → K¯0pi−) is measured rather accurately and con-
sistent with its value at the best-fit point of the SM fit,
large contributions to Im C7 are consequently forbidden
(see 4). This shows that the bounds on a NP parameter
space strongly depend on the treatment of ρA.
Bounds on the complex-valued Wilson coefficients
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FIG. 10: 68% CR for the complex Wilson coefficients C(′)7,9 in the scenarios Sc−7, 7′, 9, 9′. Constraints are obtained
from the decay systems B → Kpi (cyan), B → Kρ (blue), B → K∗pi (green), B → K∗ρ (purple), and B → K∗φ
(brown). The combined contour (red) is shown for a probability of 68% and 95%. The  corresponds to the best-fit
point of the combined fit.
C(′)i from fits in scenarios of single operator dominance
are shown in Fig. 10 for each of the decay systems
B → Kpi, Kρ, K∗pi, K∗ρ, K∗φ at 68% and their combi-
nation at 68% and 95% probability. Due to the different
dependence of the spin of the final states on chirality-
flipped operators, see Eq. (V.1) and comments below,
the contours for B → PP, VLVL systems are mirrored
at the origin, whereas for B → PV systems they remain
invariant, when considering scenarios that are related by
Ci ↔ C′i.
As can be expected from the pull values of the SM fit,
shown in Tab. V, the allowed regions from B → Kρ, K∗ρ
contain the SM, whereas some small pulls in B → K∗pi
can be reduced with non-SM values of C9,9′ . Concern-
ing B → Kpi, the data prefers NP contributions that
are almost purely real for Sc−7, 7′ and imaginary for
Sc−9, 9′, excluding the SM with a probability of more
than 95%. As already explained above, experimental
data of C(B− → K¯0pi−) forbids large contributions to
Im C7, implying also small ∆C in the approximation of
small ri,j as used in Eq. (V.4). Nevertheless, in our ap-
proach rAEW,7 can become rather large, see Eq. (V.5), such
that second order interference terms ∝ rT rAEW,7 ReC7,
which do not exactly cancel in ∆C, can provide better
agreement with the data. The improvement of the ten-
sion is quantified in Tab. VI at the best-fit point of the
combination of all five decay systems. For example, sce-
narios Sc−7, 7′ allow to reduce the pull of ∆C of −2.8σ
in the SM below −1σ, and similarly for RBn (Kpi). In sce-
narios Sc−9, 9′ the solution to the “∆ACP puzzle” pro-
ceeds via rEW,9, see Eq. (V.5), requiring large values of
Im ∆C9, which are strongly disfavored by measurements
of direct CP asymmetries in B → K∗φ. In consequence
of this strong tension, Sc−9, 9′ cannot really improve ex-
isting pulls of the SM, except for RBn (Kpi), which re-
sults in a very small improvement of ∆χ2(SM), shown in
Tab. VI. Contrary, Sc−7, 7′ exhibits a large improvement
of ∆χ2(SM) since here the allowed region of the Wilson
coefficient from B → K∗φ is compatible with the one
from B → Kpi.
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FIG. 11: 68% CR for the complex Wilson Coefficients C(′)7,9 in the scenarios Sc−77′ (left), Sc−79 (middle), and
Sc−7′9′ (right). Constraints are obtained from the decay systems B → Kpi (cyan), B → Kρ (blue), B → K∗pi
(green), B → K∗ρ (purple), and B → K∗φ (brown). The combined contour (red) is shown for 68% and 95% CRs.
The  corresponds to the best-fit point of the combined fit.
The analysis of scenarios that are dominated by single
operators has shown that NP in QED-penguin operators
is suitable to sufficiently address all tensions present in
the SM, though not all in one particular scenario. The
benefits of each single scenario combines in the gener-
alized scenarios, as is evident from the improvement of
∆χ(SM) in Tab. VI. In fact, the most general considered
Sc−77′99′ has greatly reduced pull values compared to
the SM and largest ∆χ(SM). Concerning models that
allow for NP in two Wilson coefficients, only Sc−99′ can-
not resolve tensions in B → Kpi, K∗pi, K∗φ, showing
that NP is required in C7, respectively C′7. In Fig. 11, we
show the contours for Re Ci versus Re Cj and Im Ci versus
Im Cj of the fits of Sc−77′, Sc−79, and Sc−7′9′. The fea-
tures of Fig. 10 are present again, namely large imaginary
parts for the Wilson coefficients are excluded, whereas for
C(′)7 non-SM values for the real parts are allowed, disfa-
voring the SM by more than 95% probability in all three
scenarios. On the other hand large imaginary parts for
C(′)9 can only arise in Sc−99′ and Sc−77′99′, since only
Im C9 is bound to be close to zero by the combination of
B → K∗ρ, K∗φ.
Measurements of the mixing-induced CP asymmetries
∆Sf only exist for two out of the five considered decay
systems: B¯0 → K¯0pi0 and B¯0 → K¯0ρ0. Since these
are rather imprecisely measured, we omit ∆Sf as con-
straint from the fit and instead give predictions for each
scenario of single operator dominance together with the
SM prediction in Tab. VII. In the case of the SM, we
observed that the mixing-induced CP asymmetries are
insensitive to the residual ρA parameter space that is
allowed from constraints of branching fractions and di-
rect CP asymmetries. As a consequence, the SM pre-
dictions are dictated by error estimation of the nuisance
parameters and therefore quoted as interval. We have
seen from the fits that CP-violating NP contributions
to C(′)7 are strongly disfavored and to C(′)9 tightly con-
strained. Although Im C′9 could still become large if C9
and C′9 are modified, such scenarios do not significantly
increase the quality of the fit. Hence, mixing-induced
CP asymmetries are not strongly affected in the case of
single operator dominance and in most cases the cen-
tral values of NP predictions coincide with the SM inter-
val. Ratios of branching fractions, respectively branching
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fractions are more sensitive to, for example, large real-
valued C(′)7 . In particular, the purely isospin-breaking
branching fractions Bs → φpi, φρ as well as RBsn (KK),
which predictions are also accumulated in Tab. VI, are
sensitive to NP in QED-penguin operators. Indeed, all
four considered scenarios, except for the branching frac-
tion of Bs → φpi in Sc−7 and Sc−9′, predict a further
suppression of B(Bs → φpi, φρ), which would unfortu-
nately demand even more experimental effort to observe
these very rare decays. On the contrary, the prediction
of RBsn (KK) remains unchanged within Sc−9(′), whereas
it largely deviates within Sc−7(′) compared to the SM.
Apart from the NP parameters discussed so far, we
simultaneously fitted one universal WA parameter per
decay system. The comparison of the best-fit points
of these parameters with the SM fit is summarized in
Tab. VIII for each of the considered scenarios. These
best-fit points lie in the solutions that were singled out
by the SM fit, owing to the fact that NP in QED-penguin
operators does not modify the numerically leading decay
amplitude αˆc4. We further provide ranges for the ratios
ξA3 at 68% probability that quantify the relative size of
subleading WA amplitudes, which have been determined
according to the procedure given in Sec. III B. The pres-
ence of NP always allows for smaller values of ξA3 than in
the SM fit. In the most general scenario Sc−77′99′ the
size of power corrections can be lower than 15% for all
considered decay systems. Especially for B → Kρ, K∗ρ
also simpler NP scenarios already lead to a significant
reduction. On the other hand the presence of NP might
allow also for very large values of ξA3 in most systems,
except for B → Kpi (K∗φ), where ξA3 . 1.5 (1.2).
B. NP in tree-transitions b→ s u¯u
In the case of the SM, isospin-breaking contributions
to hadronic B decays occur either through QED-penguin
operators, which were investigated in the previous sec-
tion, or through tree-level operators with an up-quark
current. The latter operators occur in the SM in a color-
singlet, Ou1 , and -octet, O
u
2 , configuration and are the
only source of CP violation in the SM for flavor-violating
b → s transitions of B mesons. Hence, these opera-
tors seem to be suitable to address the tensions of the
SM in both ∆C(Kpi) as well as RBn (Kpi) if they can
be enhanced. We also encountered some discrepancy
in the branching fraction of B → K∗0φ, but these de-
cays do not directly depend on either of the two tree-
level operators, leaving their explanation, at least in
the context of the following discussion, due to statisti-
cal fluctuation or underestimated theory uncertainties.
Due to the strong CKM hierarchy in b → s transitions,
b→ s u¯u operators give only numerically important con-
tributions to CP asymmetries, contrary to b→ d u¯u oper-
ators, which are constrained by well-measured branching
fractions and CP asymmetries in tree-dominated decays
B → pipi, ρρ, ρpi [21].
We introduce the following NP contribution to the
Hamiltonian of Eq. (III.1)
Cu1,2(µ0) = C
u,SM
1,2 (µ0) + Cu1,2 , (V.6)
where we choose µ0 = MW as before. Although Cu1,2 mix
into Wilson coefficients of all other SM operators, this
contribution is doubly Cabibbo-suppressed compared to
Cc1,2 and numerically negligible in all amplitudes, except
for rT, r
C
T. As discussed in Eq. (V.4), in the SM the latter
two are the dominant contributions in CP asymmetries
for decay systems considered below.
In connection with the SM, we already discussed in
Sec. IV A the possibility of large hard scattering solution
to the ACP(Kpi) problem, see also [55]. Here we show
that the assumption of NP in b→ s u¯u operators provide
qualitatively different solutions to large hard scattering.
For this purpose we remind of the dependence of CP
asymmetries and ratios of branching fractions Eq. (II.15)
on the tree amplitudes:
C ∝ 2 Im (r(C)T ) sin γ + 2 Im (r(C)T,j ) Im (Cje−iγ),
S ∝ 2 Re (r(C)T ) sin γ + 2 Re (r(C)T,j ) Im (Cje−iγ),
R ∝ 2 Re (r(C)T ) cos γ + 2 Re (r(C)T,j ) Re (Cje−iγ) + . . . ,
(V.7)
when utilising the expansion in small ri and the dots
stand for contributions of further ri that are not affected
from NP in the considered scenarios. Hard scattering en-
ters only the ri, especially r
C
T. Hence, direct and mixing-
induced CP asymmetries become correlated through
their common dependence on Im (Cje−iγ), whereas they
depend differently on hard scattering. Analogous, qual-
itative differences exist among CP asymmetries and the
ratios R. In consequence, when mixing-induced CP
asymmetries become more precisely measured, it will be
possible to distinguish both scenarios.
We investigate the effects of the complex-valued Wil-
son coefficients Cj = |Cj |eiδj separately and in combina-
tion in the three scenarios:
• single operator dominance
Sc−i : Cui 6= 0 and Cuj 6=i = 0 for i = 1, 2
• combined scenario
Sc−12 : Cu1,2 6= 0
Fig. 12 shows the individual contours for Cu1 (left) and
Cu2 (right) that were obtained from a fit of each decay sys-
tems B → Kpi, Kρ, K∗pi, K∗ρ within the scenarios of a
single operator dominance. In the case of new physics
contribution to the color-singlet operator, the fit prefers
a real-valued Cu1 with a significant contribution of the
order of its SM value. Due to the parameterization of
the effective weak Hamiltonian in Eq. (III.1) and of the
NP contribution in Eq. (V.6), such a solution implies
that the CP violating phase of a particular NP model
has to be aligned with the one of the SM. Hence, the
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∆S(Kpi) ∆S(Kρ) ∆S(K∗pi) ∆SL(K∗ρ) ∆S(Kη′) ∆S(Kω) ∆S(Kφ) ∆SL(K∗φ) B(φpi) B(φρ) RBsn (KK)
HFAG −0.11+0.17−0.17 −0.14+0.18−0.21 – – −0.05+0.06−0.06 0.03+0.21−0.21 0.06+0.11−0.13 – – – –
SM [0.05, 0.13] [−0.19, −0.04] [0.06, 0.17] [−0.15, 0.09] [−0.01, 0.04] [0.09, 0.17] [0.01, 0.05] [0.01, 0.04] 0.24+0.07−0.04 0.68+0.19−0.10 0.99+0.01−0.08
Sc−7 0.13+0.02−0.13 −0.18+0.11−0.10 0.07+0.09−0.07 0.08+0.07−0.13 0.03+0.04−0.09 0.15+0.04−0.31 0.04+0.05−0.08 0.03+0.06−0.08 0.91+0.28−0.22 0.35+0.14−0.07 0.80+0.04−0.06
Sc−7′ 0.13+0.02−0.13 −0.08+0.07−0.10 0.10+0.09−0.07 0.10+0.09−0.12 0.02+0.06−0.08 0.12+0.06−0.08 −0.01+0.06−0.07 0.05+0.06−0.07 0.06+0.05−0.04 0.26+0.12−0.08 0.87+0.06−0.06
Sc−9 0.06+0.06−0.08 −0.04+0.09−0.10 0.05+0.07−0.09 −0.01+0.10−0.18 0.00+0.06−0.07 0.09+0.09−0.07 −0.04+0.07−0.07 −0.08+0.11−0.06 0.11+0.06−0.04 0.40+0.13−0.10 0.94+0.03−0.06
Sc−9′ 0.05+0.06−0.08 −0.20+0.10−0.11 0.17+0.05−0.07 −0.05+0.13−0.15 −0.02+0.08−0.05 0.16+0.03−0.11 0.06+0.03−0.10 −0.03+0.09−0.12 0.49+0.14−0.12 0.32+0.15−0.10 0.93+0.05−0.04
TABLE VII: Predictions for the mixing-induced CP asymmetry of diverse Bd decays and for the purely
isospin-breaking branching ratios B(B¯s → φpi, φρ) within the single dominant operator scenarios and the SM.
Kpi K∗pi Kρ K∗ρ K∗φ
|ρA|, φA ξA3 |ρA|, φA ξA3 |ρA|, φA ξA3 |ρA|, φA ξA3 |ρA|, φA ξA3
SM 3.34, 2.71 0.39 1.61, 5.84 0.89 2.69, 2.68 0.78 1.56, 5.66 1.33 1.50, 2.82 0.38
Sc−7 2.14, 5.45 [0.38, 0.60] 1.80, 5.90 [0.86, 1.39] 1.88, 5.58 [0.39, 1.64] 1.41, 5.66 [0.70, 1.81] 1.53, 2.85 [0.29, 0.65]
Sc−7′ 3.61, 2.68 [0.34, 0.64] 3.73, 1.84 [0.72, 2.72] 2.14, 5.36 [0.54, 1.46] 1.29, 5.64 [0.57, 1.75] 0.71, 5.64 [0.38, 0.59]
Sc−9 1.86, 5.49 [0.35, 0.60] 1.63, 5.87 [0.78, 1.49] 1.52, 5.44 [0.41, 1.38] 1.54, 5.63 [0.62, 1.97] 1.53, 2.83 [0.35, 0.52]
Sc−9′ 1.85, 5.49 [0.35, 0.62] 2.99, 2.91 [0.76, 1.55] 2.71, 2.68 [0.41, 1.49] 1.53, 5.62 [0.62, 1.91] 1.55, 2.84 [0.36, 0.53]
Sc−77′ 2.45, 5.69 [0.34, 1.18] 3.03, 2.91 [0.71, 2.98] 1.51, 5.44 [0.00, 1.61] 1.71, 6.00 [0.51, 2.37] 0.95, 6.00 [0.30, 0.88]
Sc−99′ 2.39, 5.40 [0.33, 0.71] 3.34, 2.99 [0.68, 3.24] 1.44, 0.04 [0.01, 2.78] 2.31, 2.74 [0.40, 2.28] 1.54, 2.84 [0.26, 0.71]
Sc−79 3.59, 2.68 [0.23, 0.70] 1.80, 5.90 [0.78, 1.70] 1.95, 5.60 [0.24, 2.40] 2.19, 2.79 [0.31, 2.06] 1.53, 2.86 [0.17, 0.68]
Sc−7′9′ 2.17, 5.53 [0.30, 0.66] 2.89, 2.77 [0.56, 2.74] 2.19, 5.27 [0.65, 1.84] 2.43, 2.87 [0.43, 1.92] 0.99, 6.01 [0.31, 0.83]
Sc−77′99′ 2.24, 5.56 [0.08, 1.49] 1.65, 6.07 [0.11, 3.58] 1.45, 6.28 [0.00, 2.64] 1.81, 5.89 [0.12, 2.83] 0.90, 5.93 [0.01, 1.02]
TABLE VIII: Compilation of best-fit points for ρA and ξ
A
3 at 68% probability. The results are given for the
considered decay systems and scenarios Sc−i. As explained in Sec. III B, the interval of ξA3 (NP) should be compared
to ξA3 (SM) at the best-fit point of ρA, listed in the first row.
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FIG. 12: 68% CR for the complex Wilson Coefficients Cu1,2 in the scenarios Sc−1 (left) and Sc−2 (right).
Constraints are obtained from the decay systems B → Kpi (cyan), B → Kρ (blue), B → K∗pi (green), and
B → K∗ρ (purple). The combined contour (red) is shown for 68% and 95% CRs. The  corresponds to the best-fit
point of the combined fit.
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Re(Cui ), Im(Cui ) ∆C(Kpi) RBn (Kpi) RBn (K∗pi) ∆χ2(SM)
SM −2.8σ −1.9σ 0.6σ
Sc−1 0.58, −0.09 −0.9σ 0.0σ 0.2σ 9.2
Sc−2 −1.53, 0.58 0.0σ −0.3σ 1.6σ 12.4
Sc−12 1.47, 0.03 0.0σ −0.5σ 1.1σ 15.6−2.25, 0.38
TABLE IX: Compilation of best-fit points and pull values, with |δ| ≥ 1.6, for the model-independent fits of b→ s u¯u
operators.
∆S(Kpi) ∆S(Kρ) ∆S(K∗pi) ∆SL(K∗ρ) ∆S(Kη′) ∆S(Kω) ∆S(Kφ) ∆SL(K∗φ) B(φpi) B(φρ) RBsn (KK)
HFAG −0.11+0.17−0.17 −0.14+0.18−0.21 – – −0.05+0.06−0.06 0.03+0.21−0.21 0.06+0.11−0.13 – – – –
SM [0.05, 0.13] [−0.19, −0.04] [0.06, 0.17] [−0.15, 0.09] [−0.01, 0.04] [0.09, 0.17] [0.01, 0.05] [0.01, 0.04] 0.24+0.07−0.04 0.68+0.19−0.10 0.99+0.01−0.08
Sc−1 0.13+0.07−0.07 −0.10+0.06−0.22 0.12+0.11−0.06 −0.06+0.16−0.32 0.01+0.07−0.06 0.20+0.06−0.09 0.09+0.02−0.11 0.09+0.02−0.11 0.27+0.06−0.07 0.73+0.17−0.17 0.92+0.08−0.09
Sc−2 −0.30+0.11−0.12 0.26+0.01−0.09 −0.66+0.20−0.19 −1.05+0.30−0.28 0.06+0.05−0.05 −0.55+0.25−0.22 0.09+0.02−0.11 0.09+0.01−0.11 1.36+0.74−0.54 3.94+1.77−1.40 0.91+0.04−0.03
Sc−12 −0.42+0.15−0.20 0.18+0.09−0.25 −0.93+0.29−0.29 −1.59+0.43−0.11 0.07+0.06−0.05 −0.51+0.21−0.43 0.06+0.05−0.06 0.04+0.06−0.04 2.74+1.59−1.21 8.78+3.74−3.67 0.85+0.11−0.09
TABLE X: Predictions for the mixing-induced CP asymmetry of diverse Bd decays and for the purely
isospin-breaking branching ratios B(B¯s → φpi, φρ) within the Sc−1, 2 scenarios and the SM.
Wilson coefficient is enhanced from Cu1 (MW ) = 0.98 in
the SM to Cu1 (MW ) = |0.98 + (0.58 − i 0.09)| ≈ 1.56
at the best-fit point, tabulated in Tab. IX, whereas its
weak phase γ receives only marginal corrections from
δ1 ≈ −8.8◦. Since all contours from the individual de-
cay systems nicely overlap with each other, we expect to
resolve the discrepancy that are present for the SM in
B → Kpi without introducing new tensions in the data
of other decay systems. This is confirmed from the pull
values listed in Tab. IX. It can also be seen from the ta-
ble that the tensions in ∆C(Kpi) and RBn (Kpi) can be
well explained within Sc−2 and Sc−12 when tolerating a
rising tension in RBn (K
∗pi) of 1.6σ, respectively 1.1σ.
The corresponding contours of Cu2 are displayed in
Fig. 12b. The combined contour reduces to a common
area of the allowed regions for the decay systems B →
Kpi, Kρ, K∗ρ, whereas the green contour fromB → K∗pi
is slightly separated from the combination. The SM value
of the color-octet Wilson coefficient, Cu,SM2 (MW ) = 0.05,
is strongly suppressed compared to its color-singlet coun-
terpart, but the preferred values that were obtained from
our fits shift Cu2 (MW ) = |0.05 + (−1.53 + i0.58)| ≈ 1.58
— competitive to Cu1 (MW ). In contrast to Sc−1, the
weak phase of Cu2 is not aligned with the SM, but rather
receives a significant phase shift of δ2 ≈ 159◦.
The pattern that were obtained from the single op-
erator dominance scenarios is also observed for the com-
bined scenario: Cu1,2 becomes further enhanced by |0.98+
(1.47 + i0.03)| ≈ 2.45, respectively |0.05 + (−2.25 +
i0.38)| ≈ 2.23 and δ1 ∼ 1◦, whereas δ2 further tend to
170◦.
As in the previous analysis of the QED-penguin oper-
ators, we quote in Tab. X predictions for several mixing-
induced CP asymmetries as well as for the isospin-
sensitive branching fractions of Bs → φpi, φρ and for
RBsn (KK). The impact from an enhanced Cu1 on these
observables is small and rather challenging to isolate from
the SM background, which is not the case for NP in
Cu2 . Especially the predictions of the mixing-induced CP
asymmetries of the decays B → Kpi, Kρ, K∗pi, K∗ρ and
B → Kω are visibly different compared to the SM, mak-
ing these observables an ideal probe of NP in the color-
octet operator. The same is true for the branching frac-
tions of Bs → φpi, φρ, which we found to be enhanced by
a factor of 5 – 6 for Sc−2 and by more than a factor of 10
in the case of Sc−12. Although these predictions largely
deviate from the one of the SM, existing measurements
do not contradict NP in Cu2 due to lacking precision.
As before, the NP contributions to the Wilson coeffi-
cients have been fitted simultaneously with WA parame-
ters ρA for each decay system in all considered scenarios.
Since NP in b→ s u¯u operators do not contribute directly
to the leading decay amplitude αˆc4 but rather indirectly
through the common dependence on the likelihood func-
tion, we expect moderate changes of WA compared to the
results of the SM fit. The best-fit points of the individ-
ual ρA as well as the 68% probability intervals of ξ
A
3 are
summarized in Tab. XI for each of the three scenarios.
We observe that almost all best-fit points of ρA lie within
the contour regions of the SM fit. The only exceptions
are ρKρA in Sc−12 and ρKpiA for all considered scenarios.
For the latter, the most likely values of |ρKpiA | in the case
of Sc−1 and Sc−2 are significantly reduced compared
to the SM, whereas φKpiA tends towards smaller strong
phases in the combined scenario. Due to the additional
degrees of freedom, it is possible that the relative amount
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Kpi K∗pi Kρ K∗ρ
ρA ξ
A
3 ρA ξ
A
3 ρA ξ
A
3 ρA ξ
A
3
SM 3.34, 2.71 0.39 1.61, 5.84 0.89 2.69, 2.68 0.78 1.56, 5.66 1.33
Sc−1 1.54, 5.58 [0.29, 0.50] 1.65, 5.87 [0.73, 1.33] 3.03, 2.81 [0.53, 1.32] 1.39, 5.90 [0.83, 1.72]
Sc−2 1.54, 5.58 [0.26, 0.77] 1.60, 5.92 [0.75, 1.33] 1.11, 0.19 [0.33, 1.00] 2.63, 3.76 [0.92, 2.32]
Sc−12 2.05, 5.80 [0.13, 0.88] 1.52, 5.90 [0.54, 1.47] 3.76, 4.56 [0.22, 3.17] 1.96, 3.38 [0.27, 2.61]
TABLE XI: Compilation of best-fit points for ρA and ξ
A
3 at 68% probability. The results are given for the considered
decay systems and scenarios Sc−i. As explained in Sec. III B, the interval of ξA3 (NP) should be compared to ξA3 (SM)
at the best-fit point of ρA, listed in the first row.
of power-suppressed corrections can be reduced. In gen-
eral ξA3 is most strongly affected in the combined sce-
nario, for which we find lower bounds on ξA3 (Kpi) & 0.13,
ξA3 (Kρ) & 0.22, and ξA3 (K∗ρ) & 0.27. The potential sup-
pression of ξA3 for B → K∗pi is less effective and a relative
amount of power-suppressed contribution of at least 0.54
is required in any case. It is worth to notice that the
large WA scenario is still disfavored for B → Kpi, which
is in general not true for all other decay modes.
VI. CONCLUSION
In this work we have carried out a phenomenological
study of QCD- and QED-penguin dominated charmless
2-body B-meson decays in the framework of QCD factor-
ization (QCDF). In particular we investigated whether
data supports the assumption of one universal parame-
ter, ρA, in weak annihilation (WA) contributions for de-
cay channels related by (u↔ d) quark exchange in Bu,d,s
meson decays to PP , V P and V V final states, while the
remaining theory uncertainties are incorporated in an un-
correlated manner.
We analyse the decay systems of Bu,d
decays into PP = Kpi, Kη(
′), KK or
PV = Kρ, Kφ, Kω, K∗pi, K∗η(
′) or V V =
K∗ρ, K∗φ, K∗ω, K∗K∗, and further Bs decays into
PP = pipi, KK, Kpi or V V = φφ, K∗φ, K∗K∗ final
states and employ the available data (see Tab. I, II, III)
on branching fractions, direct CP asymmetries and for
V V final states also polarization fractions and relative
phases between polarization amplitudes.
Within the standard model (SM), the data can be
described using one universal WA parameter for each de-
cay system. The only exception is the B → Kpi system
when using Set II of observables, as specified in Sec. II B,
which includes ∆ACP and RBn , as a manifestation of the
“∆ACP puzzle” in our framework. The only other notice-
able pull value of 2.6σ (1.7σ) arises for the measurement
of B(B¯0 → K¯∗0φ) from Belle (BaBar). For each sys-
tem, there are at least two allowed regions at 68% CR
with the best fit solution residing in one of them (see
Tab. IV). These two regions correspond to phases close
to pi and 2pi, outside of regions of large destructive in-
terference of WA amplitudes with leading amplitudes.
Moreover the ratio of the magnitudes of WA amplitudes
to leading amplitudes, ξA3 (see Tab. IV), is similar in size
in both regions and within the 68% CR it is possible
to have ξA3 < 1 (except for Bs → K∗K∗) and for the
majority even ξA3 < 0.5. QCDF can thus describe the
current data without the need of anomalously large WA
contributions.
We emphasize that in our analysis the “∆ACP puzzle”
is only present if we assume a universal WA parameter
that can be fitted from data. If we lift this assumption
the anomaly would only reappear if we restrict our anal-
ysis to rather small WA parameters ρA. Without such a
restriction, however the non-linear dependence of ξA3 on
ρA still permits reasonably small ξ
A
3 , which are not larger
as currently accepted in the literature.
We studied also ratios of branching fractions and dif-
ferences of CP asymmetries (Set II) for the decay sys-
tems B → Kpi, K∗pi, Kρ, K∗ρ. They are less sensitive
to form-factor and CKM uncertainties or are especially
sensitive to numerically suppressed contributions from
tree topologies. The according results listed in Tab. V
show that currently both sets yield good fits to the data,
except for B → Kpi, where Set II has a p-value of only
4%. The data of ratios of branching fractions and differ-
ences of CP asymmetries have been obtained by ourselves
from measurements of observables in Set I. This neglects
correlations and potential cancellations of systematic un-
certainties accessible only in the experimental analyses.
In this regard, future analysis would benefit from the di-
rect experimental determination of these composed ob-
servables.
In view of the large pull value of 2.8σ for ∆ACP in
B → Kpi, we performed also a simultaneous fit of the
WA and hard-scattering (HS) phenomenological param-
eters in the SM. The HS contribution necessary to lower
the pull value of ∆ACP to 1.0σ is not larger than typically
considered in conventional error estimates in the litera-
ture — ξH2 = 1.0. A better description of the data can be
achieved with even larger HS contributions. A preciser
measurement of C(Bd → K0pi0) in the future could be
helpful to test a “large HS”-scenario. Further, larger HS
contributions allow for smaller WA contributions.
We investigate the feasibility to constrain new-physics
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(NP) scenarios in view of the aforementioned tensions in
the SM. Within our framework this requires the fit of
WA phenomenological parameters simultaneously with
NP parameters from data. In contrast to the conven-
tional handling of WA contributions within QCDF, we
find that the assumption of one universal parameter per
decay system yields stronger constraints on new-physics
parameters for the considered scenarios. We have stud-
ied model-independent scenarios of NP in QED-penguin
operators as possible solutions to the “∆ACP puzzle” in
B → Kpi and tensions in B → K∗φ, taking into ac-
count also data from the systems B → Kρ, K∗pi, K∗ρ.
As a second possible solution to the “∆ACP puzzle” we
investigated NP in b→ s u¯u current-current operators in-
cluding again data from B → Kρ, K∗pi, K∗ρ. For each
scenario we provide the best fit regions of the NP contri-
butions to the according Wilson coefficients, reduction of
χ2 compared to the SM fit, the pull values of observables,
and predictions of mixing-induced CP asymmetries, as
well as branching fractions of Bs → φpi, φρ.
In both classes of NP scenarios there is no direct
contribution to the the numerically leading amplitude
of QCD-penguin operators, since we consider only new
isospin-violating contributions. In consequence, the al-
lowed regions of WA parameters do not differ qualita-
tively from those of the SM fit. Yet, the combined fit of
NP and WA allows for smaller ξA3 in all scenarios com-
pared to the SM.
It is conceivable that one day factorization theorems
will be established even for WA contributions involving
then new nonperturbative quantities. Our studies sug-
gest that it will be possible to extract these new quanti-
ties also from data in the lack of first principle nonpertur-
bative methods of their calculation. It will be important
to have access to more accurate measurements of the in-
volved observables which should become available from
Belle II and LHCb within the next decade.
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Appendix A: Numerical input
Here we collect the numerical input used in our analy-
sis in Tab. XII. We list two sets of CKM parameters. The
first, denoted by “SM”, is obtained in a global CKM fit
in the framework of the SM [67] and is used throughout
our SM analyses Sec. IV. The second, denoted by “NP”,
is obtained from a global fit that includes only tree-level
mediated observables [67] and which we use throughout
the analysis of scenarios beyond the SM in Sec. V. Fur-
ther, for Bs decays we use the value of ys Eq. (II.10) as
an additional source of error in Eq. (II.4). Throughout
we vary the renormalization scale µb ∈ [mb/2, 2mb] for
the central value of µb = 4.2 GeV. The uncertainty from
endpoint divergences in subleading hard-scattering con-
tributions is determined by varying φH ∈ [0, 2pi] for fixed
|ρH | = 1, as frequently done in the literature.
Appendix B: Statistical procedure
This appendix summarizes the statistical methods
that are used in order to obtain probability regions for the
parameters of interest, pull values of theory predictions
and corresponding measurements of observables, and p-
values as a measure of the goodness of fit. Further, we
describe the determination of probability distributions of
predictions for observables that were not included in the
fit.
1. Probability regions
For the purpose of parameter inference we use Bayes
theorem to determine the posterior probability distri-
bution, P (θ|M,D), of the parameters of interest, θ =
(θ1, θ2, . . .), given a model M and data D. Parameters of
interest in our analysis are i) the phenomenological pa-
rameters of weak annihilation ρM1M2A and ii) parameters
of new physics scenarios. Bayes theorem relates the pos-
terior probability to the likelihood L(θ) = P (D|M,θ),
which is the probability of the data given the model
M with parameter values θ and the prior distributions,
P (M,θ), which are the probability of model M with pa-
rameter values θ
P (θ|M,D) = P (D|M,θ)P (M,θ)
Z
. (B1)
Here, the model-dependent normalization factor
Z ≡
∫
P (D|M,θ)P (M,θ) dθ (B2)
is known as “evidence” or “marginal likelihood” that
plays an important role in model comparison within the
Bayesian approach. Throughout, the priors of the θ are
chosen as uniform within a certain interval.
It is common to introduce the likelihood function
L(θ) as the product of the probabilities p(Oi = Othi (θ))
that each observable Oi in the data set takes the partic-
ular value Othi (θ) predicted at the value of θ
L(θ) =
∏
i∈ data
p
(
Oi = O
th
i (θ)
)
∼ exp
[
−1
2
∑
i∈ data
(
χi(θ)
)2]
.
(B3)
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Electroweak input
GF [10
−5 GeV−2] Λ(5)
MS
[ GeV] MZ [ GeV] α
(5)
s (MZ) α
(5)
e (mb)
1.16638 0.213 91.1876 0.1184 1/132 [68] [69]
quark masses [GeV]
mpolet mb(mb) mc(mb) ms mq/ms
(173.2± 0.9) 4.2 (1.3± 0.2) (0.095± 0.005) 0.0370 [5] [68] [70]
CKM elements
λ |Vcb| ρ¯ η¯
SM 0.22535± 0.00065 0.04172± 0.00056 0.127± 0.023 0.353± 0.014
[67]
NP 0.2253± 0.0006 0.04061± 0.00097 0.147± 0.045 0.368± 0.048
B-meson input
Bu Bd Bs
fB [ MeV] 190.5± 4.2 227.7± 4.5
λB [ MeV] 200
+250
−0 [71]
τB [ps
−1] 1.641 1.519 1.516
[68]
MB [ MeV] 5279.25 5279.58 5366.77
Hadronic input – pseudoscalar mesons
K pi η η′
fP [ MeV] 160 131 (1.07± 0.02)fpi (1.34± 0.06)fpi [4] [5]
FB→P0 0.33± 0.04† 0.26± 0.02 0.23± 0.05 0.19± 0.12 [4] [72] [73]
FBs→P 0.30+0.04−0.03 – – – [74]
α1(P ) 0.05± 0.02 0.00 0.00 0.00
[4] [75]
α2(P ) 0.17± 0.10 0.17± 0.10 0.00± 0.3 0.00± 0.3
Hadronic input – vector mesons
K∗ ρ φ ω
fV [ MeV] 218± 4 209± 1 221± 3 187± 3 [5]
f⊥V [ MeV] 175± 10 156± 9 175± 9 142± 9 [76]
AB→V0 0.34± 0.03 0.30± 0.03 – 0.28± 0.03
[77]
FB→V− 0.62± 0.05 0.58± 0.04 – 0.55± 0.04
FB→V+ 0.00± 0.06 0.00± 0.06 – 0.00± 0.06 [23]
ABs→V0 0.39± 0.03 – 0.47± 0.04 – [77]
FBs→V− 0.59± 0.04 – 0.72± 0.04 –
FBs→V+ 0.00± 0.06 – 0.00± 0.06 – [23]
α1(V ) 0.02± 0.02 0.00 0.00 0.00
[78]
α⊥1 (V ) 0.03± 0.03 0.00 0.00 0.00
α2(V ) 0.08± 0.06 0.10± 0.05 0.13± 0.06 0.10± 0.05
α⊥2 (V ) 0.08± 0.06 0.11± 0.05 0.11± 0.05 0.11± 0.05
TABLE XII: Numerical input used for our analysis. Form factors are given at zero momentum transfer q2 = 0.
Other scale dependent quantities are quoted at the scale µ = 2 GeV. †For the B → K form factor we used
αK4 (2.2 GeV) = −0.0089 [72] as additional input.
The probabilities p are given by the measured probabil-
ity density functions pdf[Oi] of each observable Oi and
the second part ∼ of (B3) indicates the special case of
gaussian distributed pdf’s permitting to define a χi(θ).
The expression of L(θ) does not yet include the un-
certainties due to nuisance parameters, ν = (ν1, ν2, . . .),
which enter theoretical predictions ofB →M1M2 decays.
In this case, the nuisance parameters give rise to an inter-
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val for the theory prediction
[
Othi −∆−i , Othi + ∆+i
]
with
possibly asymmetric uncertainties ∆±i around the central
value Othi that is obtained for central values of all nui-
sance parameters. Here, the theoretical uncertainty ∆±i
is determined by adding in quadrature the uncertainties
due to each nuisance parameter νa
∆±i =
√∑
a
(
∆±i,a
)2
, (B4)
which arises from the minimal, central and maximal val-
ues νmina , ν
cen
a and ν
max
a , respectively,
∆
+(−)
i,a =
∣∣Othi (νmax(min)a )−Othi (νcena )∣∣ , (B5)
while keeping all others at their central values. Clearly,
this is an approximation that neglects more compli-
cated interdependences of observables on several param-
eters and also possible correlations among different nui-
sance parameters. The nuisance parameters are listed in
Tab. XII.
In the presence of nuisance parameters, we will adopt
the simple procedure to use the maximal value of the
pdf inside the interval of the theory prediction, hence
replacing in (B3)
pdf
(
Oi = O
th
i (θ)
)
→
max
(
pdf(Oi)
∣∣Oi ∈[Othi −∆−i , Othi + ∆+i ]) , (B6)
where the dependence of Othi and ∆
±
i on θ and ν is not
explicitly shown. This procedure is implemented easily
for gaussian distributed pdf’s by the modification of the
definition of
χi(θ,ν) =

∣∣Othi (θ,ν)−Oexpi ∣∣−∆+i (θ,ν)
σ−i
if Oexpi ≥ Othi + ∆+i∣∣Othi (θ,ν)−Oexpi ∣∣−∆−i (θ,ν)
σ+i
if Oexpi ≤ Othi −∆−i
0 else
(B7)
where Oexpi and σ
±
i denote the central value and the left
and right standard deviation of the pdf[Oi], respectively.
The central value of the theoretical prediction Othi is ob-
tained at the particular value of the parameters of inter-
est θ, and the ν are set to their central values.
Obviously, the modification (B7) is tailored to gaus-
sian pdf’s, which is our interpretation of experimen-
tal world averages given by the Particle Data Group
(PDG) [68] or HFAG [19]. However, the ratios of gaus-
sian distributed observables – like the ones defined in
Eq. (II.15): R = B1/B2 – follow a gaussian ratio distri-
bution. In the absence of experimental results of these
ratios, one has to resort to the combination of the two
gaussian distributions of numerator and denominator. In
all relevant cases, the Bi are gaussian distributed with
symmetric errors (from HFAG) and assuming that their
errors are uncorrelated, the analytical expression of p(R)
is known [79]. Since it is monotonly rising till its max-
imum at Rexp ≡ Bexp1 /Bexp2 and then monotonly falling,
the maximal value of the probability in the theory inter-
val can be easily found by evaluating p(R) at
R =

Rthi + ∆
+
i if R
exp ≥ Rthi + ∆+i
Rthi −∆−i if Rexp ≤ Rthi −∆−i .
Rexp else
(B8)
The probability value is converted to χ = −2 log p(R).
Let us finally note that the difference between the gaus-
sian ratio distribution and a gaussian distribution with
central value R and σ(R) determined from simple uncer-
tainty propagation calculus, is numerically negligible un-
less large deviations of experimental and theoretical val-
ues probe the tails of the distributions, which are “heav-
ier” for the gaussian ratio distribution.
Concerning the evaluation of the posterior probabil-
ity, it is determined numerically with the help of the
Markov Chain Monte Carlo (MCMC) implementation of
the Bayesian Analysis Tool (BAT) [66]. One and two-
dimensional posterior distributions are obtained in turn
by marginalization over the remaining parameters of in-
terest. The best fit points are identified with the help
of Minuit that is initialized with the point of the highest
posterior found during the MCMC run.
2. Pull value
The deviation of a single measurement of an observ-
able Oi from its prediction O
th
i ± ∆±i for a particular
value of the parameters of interest θ∗ will be given in
terms of the pull-value, accounting for theoretical uncer-
tainties. Here, we define the pull value, δ, as the inte-
gral over those regions of the pdf[Oi], which have higher
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probability as the maximal probability value pmax ap-
pearing in the interval spanned by the theory prediction
[Othi − ∆−i , Othi + ∆+i ] evaluated at θ∗ and varying the
nuisance parameters, i.e.,
δ =
∫ +∞
−∞
dOi p(Oi) θ
[
p(Oi)− pmax
]
(B9)
where θ(x) denotes the step function. Consequently, the
pull value is zero if the maximum of the pdf is inside this
theory interval. In the case of a normally distributed pdf
(with σ+i = σ
−
i ), a non-zero pull implies a symmetric
integration interval around the central value Oexpi of the
distribution and the integrated fraction of probability can
be converted into the distance between the lower or upper
boundary of the theory uncertainty interval to Oexpi in
terms of its standard deviation σi depending on whether
the theory prediction is above or below Oexpi . In the case
of non-gaussian pdf’s, the pull value gives a measure of
the probability fraction that corresponds to those values
of Oi that have higher experimental probability than the
ones contained in the interval of the theory prediction4.
The pull value is simply calculated by drawing values
for Oi that are distributed according to the pdf[Oi] and
taking the ratio of the cases in which p(Oi) > p
max and
the total number of draws.
3. p Value
As a measure of the goodness of fit, we will use p
values in order to compare within the same theoretical
model at some point θ∗ – usually the best fit point(s) –
the quality of the fit for different sets of data Set I and
Set II. For this purpose we will assume the model with
the specific choice θ∗, allowing us to produce frequencies
of possible outcomes within the model. We will use two
ways to calculate p values.
The common definition is used as a first possibil-
ity, assuming the validity of normal and all independent
pdf’s. It consists in the evaluation of the cumulative of
the χ2-distribution – the latter denoted by f(x,Ndof),
with Ndof number of degrees of freedom – starting from
the value χ2∗ = −2 logL(θ∗)
p =
∫ ∞
χ2∗
dx f(x,Ndof) , (B10)
and corresponds to the probability of observing a test
statistic at least as extreme in a χ2 distribution with
Ndof . Values of p < 5% are usually referred to as
“statistical significant” deviation from the null hypoth-
esis, i.e., the validity of the model with parameters θ∗.
As usual, the number of degrees of freedom is given as
Ndof = (Nmeas− dim(θ)), with Nmeas denoting the num-
ber of measurements.
As a second possibility we calculate the p value defin-
ing a test statistics based on the likelihood [80]. The
according frequency distribution is determined from 106
pseudo experiments in the lack of raw data and exper-
imental efficiency corrections that require dedicated de-
tector simulations. For this purpose, the pdf of each ob-
servable Oi is shifted such that the position of it’s maxi-
mum at Oi = O
exp
i coincides with the prediction O
th
i (θ∗)
at the point θ∗ of interest. In this way, the uncertainties
of the measurement with central value Oexpi are adopted
for Othi (θ∗), neglecting possibly different experimental ef-
ficiency corrections. In each pseudo experiment, possible
experimental outcomes are drawn for all measurements
in the data set from the shifted pdf’s and the likelihood
value is compared to that of the observed data set, deter-
mining this way the fraction of pseudo experiments with
smaller likelihood values. The p value is identified with
this fraction, however for the number of degrees of free-
dom that corresponds to the number of measurements
Nmeas in the data set. Subsequently, we correct the p
value by converting it to a χ2 value with the help of
the inverse cumulative distribution with Nmeas degrees
of freedom and recalculate it for the actual Ndof [81] us-
ing (B10).
4. Probability distributions of observables
If certain observables are not yet measured or despite
an existing measurement are not included in the data
set D of the fit, one might obtain a prediction of its
probability distribution given the data D and model M
[80]. We calculate the considered observables at each
point of the Markov Chain for the current value of θ
and determine the interval of the theory uncertainty
[Othi − ∆−i , Othi + ∆+i ] due to nuisance parameters as
described in App. B 1. The obtained intervals are used
to fill a histogram that is normalized eventually to obtain
a probability distribution.
4 For very non-gaussian pdf’s with several disconnected regions of
probability, the pull value might give rise to misleading inter-
pretations, however, all measurements at hand are gaussian or
gaussian ratio distributed.
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